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Preface to Volume 1

Before the Alfred P. Sloan Foundation series of books began to appear in 1979, the scientific autobiography was a largely unfamiliar genre. One recalls Cajal’s extraordinary Recollections of My Life, translated in English in 1937 and the little gem of autobiography written by Charles Darwin for his grandchildren in 1876. One supposes that this form of scientific writing is scarce because busy scientists would rather continue to work on scientific problems than to indulge in a retrospective exercise using a writing style that is usually outside their scope of experience. Yet, regardless of the nature of one’s own investigative works, the scientific enterprise describes a community of activity and thought in which all scientists share. Indeed, an understanding of the scientific enterprise should in the end be accessible to anyone because it is essentially a human endeavor, full of intensity, purpose, and drama that are universal to human experience.

While writing a full autobiographical text is a formidable undertaking, preparing an autobiographical chapter, which could appear with others in a volume, is perhaps less daunting work and is a project that senior scientists might even find tempting. Indeed, a venture of this kind within the discipline of psychology began in 1930 and is now in eight volumes (A History of Psychology in Autobiography). So it was that during my term as president of the Society for Neuroscience in 1993 to 1994, I developed the idea of collecting autobiographies from senior neuroscientists, who at this period in the history of our discipline are in fact pioneers of neuroscience. Neuroscience is quintessentially interdisciplinary, and careers in neuroscience come from several different cultures, including biology, psychology, and medicine. Accounts of scientific lives in neuroscience hold the promise of being informative and interesting, and they could be a source of inspiration to students. Moreover, personal narratives provide for scientists and nonscientists alike an insight into the nature of scientific work that is simply not available in ordinary scientific writing.

This volume does have a forerunner in neuroscience. In 1975, MIT Press published The Neurosciences: Paths of Discovery, a collection of 30 chapters in commemoration of F. O. Schmitt’s 70th birthday, edited by F. Worden, J. Swazey, and G. Adelman. The contributing neuroscientists, all leaders of their discipline, described the paths of discovery that they had followed in carrying on their work. While writing in the style of the conventional review article, some authors did include a good amount of anecdote, opinion, and personal reflection. A second, similar volume, The Neurosciences: Paths of Discovery II, edited by F. Samson and G. Adelman, appeared in 1992.

In any case, neuroscience writing that is deliberately and primarily autobiographical has not been collected before. This project, The History of Neuroscience in Autobiography, is the first major publishing venture by the Society for Neuroscience after The Journal of Neuroscience. The book project was prepared with the active cooperation of the Committee on the History of Neuroscience, which serves as an editorial board for the project. The first chairperson of the committee was Edward (Ted) Jones; its members were Albert Aguayo, Ted Melnechuk, Gordon Shepherd, and Ken Tyler. This group compiled the names and carried out the deliberations that led to the first round of invitations. In 1995 Larry Swanson succeeded Ted Jones as chair of the committee, and as we go to press with Volume 1 the committee members are Albert Aguayo, Bernice Grafstein, Ted Melnechuk, Dale Purves, and Gordon Shepherd.

In the inaugural volume of the series, we are delighted to be able to present together 17 personal narratives by some of the true pioneers of modern neuroscience. The group includes four Nobel Laureates and 11 members or foreign associates of the National Academy of Sciences, USA. The contributors did their scientific work in the United States, Canada, England, Australia, France, and Sweden. It is difficult to imagine a finer group of scientists with which to inaugurate our autobiographical series. The autobiographical chapters that appear here are printed essentially as submitted by the authors, with only light technical editing. Accordingly, the chapters are the personal perspectives and viewpoints of the authors and do not reflect material or opinion from the Society for Neuroscience.

Preparation of this volume depended critically on the staff of the book’s publisher, the Society for Neuroscience. The correspondence, technical editing, cover design, printing, and marketing have all been coordinated by the Society’s central office, under the superb direction of Diane M. Sullenberger. I thank her and her assistants Stacie M. Lemick (publishing manager) and Danielle L. Culp (desktop publisher) for their dedicated and skillful work on this project, which was carried out in the midst of demands brought by the first in-house years of the Society’s Journal of Neuroscience. I also thank my dear friend Nancy Beang (executive director of the Society for Neuroscience) who from the beginning gave her full enthusiasm to this project.

Larry R. Squire
Del Mar, California
September 1996





 

Preface to Volume 14

In this 14th volume of The History of Neuroscience in Autobiography, we are pleased to present 12 personal narratives by leaders in our field of science. This distinguished group includes six members of the National Academy of Sciences, three members of the National Academy of Medicine, one member of the National Academy of Engineering, two members of the American Philosophical Society, four members of the Royal Society of London, and a former president of the Massachusetts Institute of Technology (MIT).

This autobiographical series was founded over three decades ago by Larry Squire during his tenure as president of the Society for Neuroscience. From the beginning, the Society leadership understood the importance of documenting the explosive modern growth of a field that brings innovation to medical practice and resonates with a public eager to understand the workings of the brain. Larry’s key insight was that the historical record need not simply reflect the timeline of discoveries; there is also value in recording the “activity and thought in which all scientists share,” for science itself “is essentially a human endeavor, full of intensity, purpose, and drama that are universal to human experience.”

Collectively, the chapters contained in this series provide first-hand chronicles of a bold venture in biomedical research, as it has played out in the late 20th and early 21st centuries. Individually, they are treasures, for they are cast in the irresistible and uniquely human form of expression: the story. As such, they not only connect the dots along paths of scientific discovery but also convey the human elements behind those connections, the rich drama and comedy of interpersonal relationships, the sudden flashes of insight, the folly of hubris and the pain of missed opportunities, the beauty of new ideas, and the raw excitement of discovery. These stories are populated by imposing and quirky characters, magnified by the lenses of memory and attention. There are tales of brilliance, fantasy, risk, sacrifice, triumph, and camaraderie, but the theme that binds every one of the chapters in this series is success. Thus, these chapters not only entertain in the way that only good stories can but also offer appealing models and nuanced lessons for success in the human side of science for the next generation of vanguards in our field.

Tom Albright joined Larry as coeditor beginning with Volume 9. With the publication of Volume 14, the library of chapters now numbers 192. Many more great stories are in the making, of course, as the field of neuroscience bounds ahead, and we look forward to curating them in these pages.

Beginning with Volume 8 in the series, the Society for Neuroscience assumed full responsibility for this project. Volume 14 was prepared with the advice of the Society’s Publications Committee, which serves as the editorial board for the project. With input from this committee, from the Council of the Society for Neuroscience, and many others, names were compiled for Volume 14. Production was overseen by Michelle Humble, who serves as the Society’s director of scientiﬁc publications.

Autobiographical chapters contained in Volume 14 are freely available from the Society website, along with the 180 chapters that appeared in the first 13 volumes of the series. From the Society homepage, chapters can be accessed using the “Publications/History of Neuroscience Autobiographical Chapters” or the “About/History of Neuroscience” menu tabs. They can also be accessed directly at www.sfn.org/about/history-of-neuroscience/autobiographical-chapters. Hardbound copies of Volume 14 are available for purchase (send inquiries to jn@sfn.org).

We hope readers will find Volume 14 as interesting and useful as the earlier volumes.

Thomas D. Albright and Larry R. Squire
Del Mar, California
April 2026
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David J. Anderson has made fundamental contributions to developmental and behavioral neuroscience. He was the first to isolate a self-renewing stem cell for neurons and glia, opening the field of neural stem cell research. He was also the first to isolate mammalian homologs of Drosophila proneural genes such as Ascl1 and the neurogenins, which are currently being used by other researchers to develop cellular therapies for neurodegenerative disorders. Dr. Anderson was a codiscoverer (with Gail Mandel), of the neural-restrictive silencer factor (NRSF; also called REST), a transcription factor that represses neuronal genes in neural precursors and in non-neuronal cell types. Dr. Anderson has also discovered a special type of sensory neuron in the skin, marked by MrgprB4, that appears to convey to the brain the pleasant sensations produced by social stroking or grooming. More recently, Anderson has investigated the neural basis of internal affective or emotion states in both flies and mice. Using optogenetics, he has identified different types of neurons that control aggression, mating, or predator avoidance. By imaging the activity of these neurons in freely behaving mice, he has discovered that these neurons encode internal states such as fear or aggressiveness through the strength and duration of their activity. These findings may someday lead to a better understanding and treatment of mental illnesses, such as depression.




 

David J. Anderson


Origins

In retrospect, I had no business becoming a biologist. As a child and adolescent, I showed none of the phenotypic characteristics that identify a budding young scientist: I didn’t collect bugs and burn them on the sidewalk with a magnifying glass; didn’t take radios apart and put them back together; had no aptitude for math, physics, computer programming, or chess; didn’t like reading fantasy and science fiction; and avoided trying to solve complicated puzzles because I was easily frustrated. Instead, I enjoyed writing short stories, photography, and filmmaking, listening to and playing acoustic guitar, acting in plays, writing musical parodies, learning foreign languages, and collecting hats. Clearly, I had inherited most of my dominant genetic predispositions from my mother, Helene (Masslo) Anderson, a professor of Spanish literature at New York University, and few if any from my father, James L. Anderson, a mathematical physicist specializing in general relativity who was a professor at Stevens Institute of Technology in Hoboken, New Jersey. They met and married while in graduate school at Syracuse University, and then had me as their first child in May 1956. I guess if you cross a physicist with a humanist, you get a biologist.

In the summers, my parents couldn’t afford to send me to sleepaway camp. Instead, they brought me to Woods Hole, Massachusetts, where my father taught in a yearly Woods Hole Oceanographic Institute (WHOI) course in geophysical fluid dynamics (why that has anything to do with black holes and Einstein’s Theory of General Relativity I never understood and probably never will). Because of WHOI I briefly considered becoming an oceanographer; they looked manly, with their thick beards and flannel shirts, and went to sea for months at a time like 19th-century whalers. But down the street from WHOI was the Marine Biological Laboratory (MBL), where 99 percent of the scientists who flocked to Woods Hole each summer had laboratories and did research while their children attended Science School and frolicked on the sands of Stony Beach. All my summer friends were the children of biologists like George Wald and Jerry Hurwitz. They had summer jobs in their fathers’ labs, while I stocked tampons in the basement of the Woods Hole Pharmacy. It made me feel like the proverbial kid with his nose pressed up against the glass window of a candy store. They seemed to be having a lot more fun at their jobs than I did, and I desperately wanted in. However, it was virtually impossible for a kid who wasn’t the child of an MBL scientist to get a summer job in a lab there.

Fortunately, a biologist friend of my parents named Robin Wallace, who worked at the Oak Ridge National Lab during the winter and in the summer at the MBL, and whose own boys weren’t interested in a lab job, came to the rescue and got me a job washing test tubes for the graduate students in the Fertilization and Gamete Physiology Program (FERGAP). It was menial labor, but I was in! I soon became enamored of the easy camaraderie among the students and their sense of humor. Although I was just entering 10th grade, I started attending FERGAP lectures and particularly enjoyed a special lecture by Joel Rosenbaum, a Yale professor, on the synthesis of microtubules in vitro. I barely knew what a microtubule was, but the fact that you could take them apart and then watch them spontaneously reassemble in a Petri dish fired my imagination and kindled an interest in cell biology.

I started reading papers in the MBL Library and became fascinated with the cadence and rhythm of scientific writing. Having inherited my mother’s ear for languages and talent for mimicry, as well as a love of writing, I soon found myself trying to imitate the literary style of a scientific research paper. Arriving in the lab each morning to see all the test tubes I had studiously washed the previous day piled up in a basin next to the sink following the graduate students’ nocturnal experiments, I was inspired to write a parody of a microtubule assembly paper, called “Synthesis of Glassware In Vitro.” Complete with figures and graphs, it described how subunits of “tubeulin” could spontaneously self-assemble overnight into conical glass centrifuge tubes in a plastic bucket, in the presence of some salt, buffer, and adenosine triphosphate (ATP). I described how accidentally subjecting such assembled tubes to the Earth’s gravitational field caused rapid acceleration followed by an instantaneous and irreversible increase in entropy. Together with a fellow dishwasher, Paula Grant (the daughter of our biologist neighbor Philip Grant), we typed up the paper and presented it to the graduate students in the course. It was an instant hit and everyone wanted copies. I’d never experienced this kind of reception for anything I did, and I was immediately hooked. What I failed to grasp was the lesson that I should have become a comedian or satirist, rather than a scientist.




Harvard College: Falling in Love with Cell Membranes

My summer lab experience prompted me to take Daniel Branton’s course in cell biology during my first term at Harvard. I had wanted to go to Yale to work with Joel Rosenbaum on microtubules but was (of course) waitlisted, so I chose Harvard, which was clearly an institution with lower academic standards. Branton was a fabulous lecturer. While I enjoyed the course overall, what really captured my imagination was his lecture on the new “fluid mosaic model” of cell membranes, proposed by S. J. Singer and John Nicholson [1]. For some reason, I found the concept of protein “icebergs” floating in a lipid “sea” to be fascinating. I asked Branton if I could do research in his lab, where they were testing the concept of lateral diffusion of integral membrane proteins using the erythrocyte membrane as a model system, and fortunately, he took me on. While juggling experiments and rehearsals for theatrical productions didn’t allow me to get much done in the lab at first, I learned a valuable lesson: If you want to make progress in science you have to focus on one problem and not try to do too many things at the same time. This was (and still is) challenging for me because I find so many things interesting that I have difficulty deciding which problem to choose, but learning the discipline to focus on one project, even if I wasn’t sure I made the right choice, was an important lesson.

In the spring term of my junior year (1977) I took Bio 25, Introduction to Neurobiology, which was taught by John Dowling (see volume 4) with guest lectures by Torsten Wiesel and others from the Harvard Medical School Department of Neurobiology. Torsten at the time still had a fairly strong Swedish accent, and at first I couldn’t understand why he kept talking about “urinals,” as in the “Urinal of Physiology” or the “Urinal of Comparative Neurology.” It made me wonder whether I was using the wrong bathroom. The course used the classic textbook From Neuron to Brain by Steven Kuffler and John Nicholls. I found the course interesting from the perspective of biological membranes and their biophysical properties, but the importance of orientation and ocular dominance columns was lost on me.

I wound up doing my senior honors thesis in biochemical sciences (my major, or “concentration” as they called it at Harvard) in the Branton lab, but my most interesting discovery—that cationic artificial lipid vesicles fused with erythrocyte membranes were maintained as segregated lipid rafts, into which endogenous membrane proteins could not diffuse—turned out to be an artifact (how I managed to graduate summa, I’ll never know). It was a crushing blow to discover that all the results I had worked so hard to obtain were essentially meaningless. I don’t remember why it was artifactual or how I discovered it, but I do remember Dan Branton saying, “I hope something like this never happens to you again.” Unfortunately, I misinterpreted his suggestion as encouragement to forge ahead in science despite such setbacks, rather than as advice that maybe I should choose another line of work.




Rockefeller: Synthesis and Membrane Integration of Acetylcholine Receptor Subunits In Vitro

My senior thesis research on the lateral diffusion of integral membrane proteins led me to wonder how cells were able to maintain segregated domains of such proteins in discrete regions of the cell membrane, such as acetylcholine receptors (AChRs) at the neuromuscular junction. My time in Branton’s lab had coincided with the exciting discovery there, by the talented biochemist Van Bennett, of spectrins and ankyrins, proteins that bridged erythrocyte integral membrane proteins with the underlying cytoskeleton and restrained them from lateral diffusion in the plane of the membrane. Later, isoforms of these proteins would prove to play a pivotal role in neurons in maintaining isolated domains of membrane protein function, such as clusters of voltage-gated sodium channels at nodes of Ranvier. But instead of trying to extend Bennett’s work to neurons (which would have been the smart thing to do), for graduate school, I decided instead to study what I thought was the most extreme example of such segregated membrane protein domains: the gap junction. To this end, I wrote an NSF graduate fellowship proposal to work with Norton Bernard Gilula (a former postdoc of Dan Branton’s) at the Rockefeller University. This decision was in part driven by the fact that Bernie Gilula studied gap junctions using freeze-fracture electron microscopy, a technique I had used extensively in my undergraduate research with Branton, and that gave me a comforting sense of familiarity and continuity with my work at Harvard.

I got my NSF fellowship and was accepted to Rockefeller (which paid me the princely stipend of $5,000 per year instead of the paltry $3,500 offered by NSF), and in the fall of 1978 eagerly began work in Bernie Gilula’s lab to isolate biochemically gap junctions and characterize their molecular composition (this was long before the connexins were discovered). However, I soon found that this was much more difficult than I had anticipated, for several reasons. First, gap junctions were present in extremely low quantities even in the liver, their most abundant source. On my first day in Bernie’s lab we guillotined 200 rats and purified their gap junctions on sucrose gradients; our yield was a paltry few hundred micrograms of protein. Second, there was no enzymatic or bioassay for purified gap junctions at the time, other than looking under the electron microscope (EM). Therefore, one could not track protein enrichment and activity, as in a traditional biochemical purification scheme. In theory, a purified sample could be highly enriched for gap junctions seen in the EM and show a couple of abundant bands on a sodium dodecyl-sulfate (SDS) polyacrylamide gel; but the prominent bands might represent an invisible contaminant rather than the visible isolated gap junctions. At one point we tried to solve the problem by switching to bovine lenses (which were then thought to be highly enriched in gap junctions) as a source of material but ran into the same problem of not having an assay. In retrospect that was fortunate, because the bovine lens protein I was studying, MP26, later turned out to be an aquaporin (water channel) rather than a bona fide gap junction protein. On top of that, Bernie was not a biochemist by training, but rather an electron microscopist who was unable to provide the kind of expert advice in protein purification that I needed to make progress. So reluctantly (and to Bernie’s great disappointment) I decided to switch labs.

The question was, to which lab? Because I had been so myopically focused on gap junctions and Bernie Gilula, I hadn’t bothered to pay much attention to the other Rockefeller faculty and their research. So, at first, I felt completely unmoored and lost. Eventually, however, I found a new lab—which I chose for completely nonscientific reasons. I had become friendly with Peter Walter, a second-year student from West Berlin with a penchant for practical jokes who looked like Santa Claus with a brown beard. Peter was working in a spanking brand-new lab that had recently been renovated for his adviser, Günter Blobel. Blobel was then a 35-year-old German immigrant who had been promoted to assistant professor after doing a postdoc at Rockefeller with Nobel Laureate George Palade. I had barely heard of Blobel—his famous “signal hypothesis,” for which he ultimately won a Nobel Prize, was not yet published when I took cell biology in 1974. But it seemed to be a very exciting time in the Blobel lab, and there was a nice empty bench opposite Peter’s where I could at least work nearby my new friend. So, I tried to think of a doctoral project that I could do uniquely in the Blobel lab and that would interest Günter and be relevant to my budding interest in neurobiology. But truly this was just a pretext to join his lab so I could escape from Bernie’s and engage in practical joke warfare with Peter Walter.

The question was, what project could I do in Günter’s lab that had any relevance to neurobiology? At the time, Günter and his postdoc Bernhardt Dobberstein had already done their groundbreaking experiment demonstrating that supplementing an in vitro translation system (prepared from yeast or a reticulocyte lysate) with canine pancreatic rough microsomal membranes—vesicles derived from the rough endoplasmic reticulum (ER)—was sufficient to reconstitute the cotranslational translocation of a secretory protein across the microsomal lipid bilayer and into the ER lumen with concomitant signal peptide cleavage [2]. This experiment was the most compelling evidence for the signal hypothesis, originally proposed by Blobel and David Sabatini, which posited that ribosomes translating mRNAs for secretory proteins were targeted to the ER not by signals in the mRNA, but by short amino-terminal extensions of the nascent polypeptide chain they called “signal peptides.” At the time I approached Blobel about transferring to his lab, he was focused on generalizing his discovery to other types of secreted or membrane proteins, as well as to other organelles, such as lysosomes and mitochondria. There was already evidence that a transmembrane protein could hitchhike onto the same microsomal translocation system that worked for peptide hormones (such as preprolactin). However, that membrane protein was a simple, single-pass transmembrane polypeptide from a virus.

I thought that Günter might be interested in testing in his system a nonviral, multipass integral membrane protein (one whose polypeptide chain snaked back and forth across the lipid bilayer several times instead of just once), and which was part of a multi-subunit protein complex, and indeed he was. The one that fit the bill, and had relevance to neurobiology, was the AChR. The AChR had been purified from abundant sources such as the electric organ of electric rays and eels, but there was dispute about its subunit composition. Jean-Pierre Changeux in Paris had initially argued that it consisted of a single subunit (alpha), but more compelling evidence from Arthur Karlin and colleagues at Columbia suggested that there were four subunits, α, β, γ, and δ, present in a 2:1:1:1 stoichiometry. I suggested to Günter that I purify the receptor from electric ray, prepare antibodies to each of its subunits and program his microsome-supplemented in vitro translation system with mRNA from the same electric tissue. I could use the antibodies to immunoprecipitate each of the four subunits and test whether they were properly integrated into the membrane. If this worked, I could use the system to find out whether each subunit was translated separately from its own mRNA, or whether they were initially translated together as a polyprotein precursor and then cleaved post-translationally into the different subunits. (Although the latter mechanism was unlikely, it was still a formal possibility that could be decisively ruled out using this system.) Finally, and most important in the long run, the ability to identify and translate AChR mRNAs in vitro would provide a means to molecularly clone the genes. I gave Günter a stack of papers to read about the AChR. The following morning, I went into his office and he said, “David, the acetylcholine receptor is the Nirvana of integral membrane proteins!” I was in.

This was clearly a very ambitious project (particularly the cloning part), especially for a single beginning graduate student. But I was possessed of youthful arrogance, ignorance, and ambition, and at the time, the in vitro approach developed in Günter’s lab provided a unique inroad to the problem and was low-hanging fruit. So, in some sense, the choice of the project was driven by opportunism as well as by satisfying my continuing interest in studying the biogenesis and assembly of integral membrane proteins. From Günter’s perspective, it raised several general (“fundamental”) questions about the rough ER translocation system and its role in membrane protein synthesis that had not yet been addressed. So he gave the project the green light. I was admitted to his lab and assigned an empty, brand-new bench across from Peter Walter, just as I’d hoped.


In for a Big Shock

If you’d told me that as a graduate student, I’d be standing over a stainless steel sink wrestling with a huge, thrashing live electric ray that barely fit in the sink, wearing rubber gloves to prevent electrocution and trying to kill it by driving a screwdriver into its brain with a hammer, I would never have believed you. But that’s exactly how I found myself in the fall of 1979. I had managed to make my own antibodies to each of the four subunits of the nicotinic AChR by purifying the protein from the electric organ of Torpedo californica using affinity chromatography on cobratoxin-Sepharose, cutting each subunit band out of a preparative SDS gel, eluting the protein from the gel and injecting it (with Peter’s help over the summer while I was in Woods Hole taking the MBL Neurobiology course) into rats. Getting material to purify the receptor holoprotein turned out to be surprisingly easy: I ordered big chunks of frozen electroplax tissue from Pacific Biomarine in Venice, California, smashed it up with a hammer, threw it in a Waring blender with some nondenaturing detergent and poured the extract over the affinity column, which I eluted with SDS prior to electrophoresis. The antibodies worked well.

Next, I needed to isolate RNA containing AChR mRNA(s), for in vitro translation. Naturally I assumed that the tissue with the highest amount of AChR mRNA would be the tissue with the highest amount of receptor protein, so I just ordered more frozen Torpedo electric tissue and isolated RNA from it using the lab’s standard protocol. But when I measured the yield by spectrophotometry it was shockingly low; a few tens of micrograms from close to half a kilogram of frozen tissue. By contrast, other people in the lab routinely isolated rat liver RNA in milligram quantities from a few hundred grams of fresh tissue. While one prep of rat liver RNA could provide enough for close to six months of experiments, the amount I isolated from Torpedo was barely enough for a few in vitro translation reactions. With this tiny yield, I’d be running RNA preps twice a month instead of twice a year. Something had to be wrong.

As a beginner, naturally I assumed the problem was my incompetence. But when I ran the standard lab protocol to isolate rat liver RNA, I got close to the expected yield. So I wasn’t completely incompetent. I thought maybe there was a problem applying that protocol to the Torpedo electric tissue. RNA is notoriously unstable and subject to degradation during the purification process. I tried improved protocols suggested by local experts on mRNA isolation, but the RNA yields per gram of frozen tissue were no better.

The only other explanation I could think of was that the RNA got degraded during the process of freezing the tissue in Venice CA, over which I had no control. In desperation, I ordered a live Torpedo californica from Pacific Biomarine. Peter kindly drove me to the JFK cargo facility to retrieve a gigantic Styrofoam box containing said living electric ray sloshing around in some seawater (at that time I didn’t yet have a driver’s license since I had lived in Cambridge and New York where you didn’t need a car). We raced back to Rockefeller, opened the box and dumped the writhing monster into the sink where I proceeded to try to kill it—much to the hilarity of onlookers in the lab (who were apparently unconcerned by the prospect of my electrocution by 20 amps and 50 volts of current from the beast). Eventually the creature succumbed, and I did my best to dissect out the mass of electroplax tissue as quickly as possible and grind it up in the Waring blender with my super-duper RNA extraction buffer. During that process, I noticed that the live electroplax tissue had the jiggly consistency of a jellyfish and realized that it consisted primarily of a stack of watery bags surrounded by a sheath of connective tissue with synapses between them—a primordial battery. That already identified one problem: The mass of actual RNA-containing tissue relative to water was vastly lower than in the case of rat liver, which is packed with cells full of RNA. So about 99 percent of the tissue I was extracting was water.

Now well versed in all the nuances of RNA isolation and having added multiple extra purification steps, I raced through the procedure as quickly as possible to ensure that the isolated RNA would remain intact. Heart beating with anticipation, I awaited the final isopropanol precipitation step expecting finally to recover a big white pellet of pure RNA, like I got from rat liver. But no dice: The yield was a bit better, and the RNA was translated more efficiently than my RNA from frozen tissue, but it was still an incremental increase and not the tenfold improvement I was hoping that my “rayicidal” procedure would produce.

Crestfallen and depressed, I began to wonder how the electroplax tissue could have so much AChR protein and such a tiny amount of AChR mRNA. Then I recalled a talk I had heard by Miriam (Mika) Salpeter from Cornell, who was an expert on studying the dynamics of AChR turnover at the vertebrate neuromuscular junction (NMJ). Using a clever pulse-chase technique that labeled the receptors with radioactive α-bungarotoxin followed by quantitative autoradiography, she found that the receptors, which were crowded together at approximately 20,000/µm2 under the synapse, have a half-life of more than two weeks! That’s a relative eternity, considering that the typical half-life of a single-subunit, freely diffusing membrane protein is on the order of 17–20 hours. It finally dawned on me that perhaps most of the synthesis of AChRs occurred during Torpedo embryonic or juvenile development, and that because the receptors were so stable once synthesized, in the adult, the electroplax cells turned their mRNA synthesis way down.

I didn’t know (and still don’t know) if that hypothesis is correct. But it made me realize that perhaps the low yield of RNA from adult Torpedo electroplax tissue was not due to my incompetence (although I cannot formally exclude that since I never asked anyone else in the lab to try the procedure). Because I couldn’t find a ready source of juvenile Torpedo, I resigned myself to the fact that I was going to have to make frequent RNA preps to continue with my project. The good news was that I could go back to using frozen tissue and not have to kill any more giant thrashing electric rays with my own two hands in the laboratory sink.




Crushed Like a Cockroach

Once I was able to produce high-quality, intact RNA from the Torpedo electroplax tissue, the rest of the project progressed in short order. Using a fancy experiment incorporating 35S-N-formyl methionyl tRNA, I was able to show that the subunits were synthesized from separate mRNAs, rather than as a polyprotein that was post-translationally cleaved to four different polypeptide chains. I also found that supplementation of the in vitro translation system with dog pancreas microsomal membranes yielded membrane insertion with signal peptide cleavage and core glycosylation of each of the four subunits (α, β, γ, and δ). From the standpoint of fundamental cell biology this was not too surprising (as noted by one of the reviewers who summarily rejected our paper from Cell), but it was an important step toward the evolving science of so-called molecular neurobiology. Nature also rejected the paper, citing their recent rejection of a “very similar paper” (describing the cell-free synthesis of the four AChR subunits but without the proof of independent synthesis or membrane insertion as I had done) [3]. My paper was eventually published in PNAS, communicated by Jerard Hurwitz (my lab partner in the 1979 MBL Neurobiology course) on April 20, 1981 [4]. Günter (who was not yet in the NAS) called this “publishing mafia-style.”

At that point, having learned that no new fundamental cell biological principles were to be revealed by my experiments, Günter understandably lost interest in the project. To his surprise, however, he started getting lots of invitations to neurobiology conferences to talk about this work. Apparently, the paper had made a bit of a splash in the neuroscience community, perhaps not because of what it reported but rather because of what it portended: the eventual cloning and sequencing of the AChR and other important membrane excitability molecules through the application of then-nascent recombinant DNA techniques. Rather than embracing the attention, however, Günter dismissed this enthusiasm as simply evidence of neurobiologists’ ignorance of the fundamental cell biological principles he had discovered six years earlier: “Neurobiology,” he once said to me, “ach, that’s just ‘applied cell biology.’ One of these days, you have to do something fundamental; it sharpens your thinking!”

Fortunately for me, however, he asked the conference organizers if I could present the work in his place. Surprisingly most of them agreed, and suddenly I was jetting to Gordon Conferences, meetings at Cold Spring Harbor, castles in the Loire Valley, and even a lunchtime seminar at the famed Department of Neurobiology at Harvard. For someone partway through graduate school this was very exciting, and eventually led to my being offered several faculty jobs before even receiving my doctorate (all of which I turned down because I felt I wasn’t ready).

I would perhaps have merited the undeserved attention I was receiving had I accomplished my original (and most ambitious) objective of cloning the genes encoding the four AChR subunits. Even Günter felt this would “put me on the map.” He once told me: “You have to have those clones. They are like nuclear weapons; without them you don’t get invited to the negotiating table!"

But what did cloning the genes have to do with in vitro translation of the mRNAs? At the time, there was no genome sequence, and techniques for cloning genes were in their infancy. The most direct approach was to screen DNA (or cDNA) libraries with radiolabeled nucleotide probes containing partial DNA sequences of the gene(s) of interest. But that sequence had to first be identified by obtaining at least a partial protein sequence for the polypeptide encoded by the gene, reverse-translating it to deduce its genetic code and then chemically synthesizing a DNA probe containing the corresponding nucleotide sequence. The AChR protein had not yet been fully sequenced (partial N-terminal sequence data was provided in 1980 by Michael Raftery, Norman Davidson, and Leroy Hood at Caltech) [5], and the Blobel lab had as yet no experience in cDNA synthesis. In the absence of screening libraries using a specific probe, the only other viable approach at the time was to use what was then called “hybrid-selected” (or “hybrid-arrested”) cell-free translation. In this approach, clones from a cDNA library were tested for their ability to hybridize to the mRNAs of interest (by forming DNA:RNA heteroduplexes), and these hybrids were assayed for their ability to select the mRNA of interest (or alternatively to block its synthesis) using an in vitro translation system and immunoprecipitation with specific antibodies—exactly the system my experiments had established.

Although I could have (and maybe should have) attempted this latter approach, I was put off by several considerations that made it a daunting prospect for a solo graduate student. First, I knew nothing about recombinant DNA techniques, including constructing and screening cDNA libraries (and neither did anyone else in Günter’s lab), which were relatively recent developments and technically demanding. Second, the in vitro translation screening required large amounts of RNA containing the mRNAs of interest, which (as described in gory detail above) I was unable to obtain from Torpedo electric organ. Third, the project would require cloning not just one gene, but four. Finally, and perhaps most important, Shosaku Numa in Kyoto had begun to publish papers describing the cloning and sequencing of genes encoding the major neuronal membrane excitability molecules, including the voltage-gated sodium and calcium channels and the Na+-K+ ATPase. He had a very large and efficient team working as an assembly line to clone such genes using synthetic DNA probes inferred from a partial protein sequence to screen the cDNA libraries they had prepared from Torpedo mRNA. It didn’t take a genius to guess that his next target was likely to be the AChR.

While I was weighing this decision, in perhaps one of his most famous quotes, Günter once strode into my lab while I was toiling at the bench to speak to a Japanese postdoc (Katsuyoshi Mihara) who was working furiously to establish an in vitro system to study post-translational import into mitochondria of nuclear genome-encoded genes. As the only person in the lab studying mitochondrial import, he was making slow progress and was getting a bit discouraged. Moreover, he was facing stiff competition from Gottfried Schatz in Switzerland, who had an entire lab of 20 people working on the project. “Katsuyoshi,” Günter intoned with his Teutonic accent, “You are one, and they [Schatz’s lab] are many. You have to work day and night, or you will be crushed like a cockroach!” (This was his idea of giving someone a pep talk.) Years later when I visited Ira Mellman, a former postdoc at Rockefeller who had moved to Genentech, he had hanging on his wall a framed, traditional American-style needlework “sampler” made by his wife with Günter’s quote in the center and cockroaches crawling around the edge of the frame.

With Numa’s army of postdocs on the horizon marching toward cloning the AChR subunit genes, it was pretty clear that with my lack of technical expertise, even if I did work day and night I would be crushed like a roach. Indeed, using the partial protein sequence published by Raftery et al. in 1980, Numa succeeded and published in Nature the cloning of all four AChR subunits in 1983 [6, 7], only two years after I had published my in vitro translation paper. In the same year, a team from Steve Heinemann’s group at the Salk Institute led by Toni Claudio also succeeded, using hybrid-selected cell-free translation, but managed to clone only the γ subunit [8]. Numa (who passed away in 1992 at the age of 63) and his team’s brilliant work truly broke open the era of molecular neurobiology, and suddenly everyone wanted to follow suit. I decided that if I wanted to continue in this nascent field, I needed to acquire molecular biology expertise, and with an introduction from Eric Kandel (see volume 9) wound up as a postdoc in Richard Axel’s laboratory at Columbia’s College of Physicians and Surgeons (P&S) early in 1983.






Columbia: Out of the Frying Pan and into the Fire

After the orderly, hierarchical structure of Herr Professor Doctor Blobel’s Max Planck Institute-style laboratory at Rockefeller, moving to Columbia was a baptism by fire. The Axel lab had a chaotic atmosphere, with everyone working on completely unrelated projects, and it was full of colorful personalities who frequently clashed. The contrast in styles between Blobel and Axel couldn’t have been more dramatic. Günter was committed to realizing his vision of a unified model for what he called “intracellular protein topogenesis” [9], a theory that explained the sorting and trafficking of proteins to various organelles (and for which he eventually won his long-sought-after Nobel Prize). In contrast Richard was a brilliant, eclectic opportunist who loved to jump into fields he had never worked in before, crack them open with fundamental discoveries, and then move on to the next challenge while others picked up the pieces.

These distinct scientific styles were expressions of their distinct personalities. Günter would sit comfortably in his office reading while listening to Mozart, below a huge rococo-framed painting of the child composer sitting on the lap of the Austro-Hungarian Empress Maria-Theresa (to whom Günter was distantly related by lesser nobility). Axel in his office was lean, hyperkinetic, and constantly on the phone, keeping one step ahead of the competition through hot tips from his network of colleagues, dismissing most ideas as uninteresting and irrelevant while chain-smoking cigarettes with his feet up on his desk. He was brash, bold, and irreverent, whereas Günter was polite, polished, and patrician. While Günter spoke a German-accented but precise English laced with colorful metaphors, Richard spoke like a street kid from Brooklyn in blunt language fragmented by frequent F-bombs. Günter’s style was perfectly suited to the genteel, stately atmosphere of New York’s wealthy Upper East Side (where Rockefeller was located), while Richard’s was well-adapted to Columbia P&S’s location in the crime- and crack-ridden Washington Heights neighborhood at the northern tip of Manhattan (a place considered so dangerous in the mid-1980s that even Yellow Cab drivers from midtown refused to take passengers there).

At the time I joined the lab, Richard had just plunged into molecular neuroscience through a collaboration with Eric Kandel (and his biochemist sidekick Jimmy Schwartz) to understand the control of egg-laying in Aplysia californica. A team led by postdoc Richard Scheller had just cloned the gene encoding the precursor to egg laying hormone (ELH) and made a big splash with a paper in Science [10] claiming that they had identified the molecular basis of an innate behavior, by suggesting that each of the multiple peptides predicted from the pre-pro ELH sequence might control a different step in the egg-laying sequence. I was amazed at how they were able to contextualize what struck me as a somewhat unsurprising finding (others like Ed Herbert had cloned and sequenced neuropeptide genes in mammals and discovered that their precursor proteins encoded multiple neuropeptides, like ELH) and make it sound like they had solved the genetic basis of behavior. But what did I know? I was just a pisher (Yiddish slang for a clueless but ambitious beginner) postdoc.

At the same time, Richard was using his recent groundbreaking discovery (made with Mike Wigler in his lab) of “transformation”—a technique to introduce foreign DNA into a cell line and use it to express and identify otherwise elusive genes based on their function [11]—to clone and sequence various types of cell surface receptors. These included the T-cell surface protein T4 [12] (cloned by Dan Littman and now called CD4), which later turned out to be the coreceptor for HIV. Using this technique, Moses Chao (a former Axel lab postdoc) cloned the gene encoding the low-affinity nerve growth factor (NGF) receptor [13]. Axel would eventually unify his nascent interest in neuroscience with his nose (pun intended) for interesting cell-surface receptors to discover the genes encoding mammalian odorant receptors [14], for which he ultimately received the Nobel Prize with Linda Buck, the postdoc in his lab who did the bench work and who was my contemporary in the lab. Ironically, the odorant receptors were not discovered using DNA transformation and expression cloning, but rather through an unrelated approach involving polymerase chain reaction (PCR; see the section “Neural Cell Fate Determination Genes”).

At first, I felt completely lost in the chaos of the overcrowded Axel lab, confined to a newspaper-size patch of bench space shared with two other postdocs after having had a nine-foot bench all to myself in Günter’s lab. My original idea to study AChR subunit assembly in mammalian cells transfected with the cloned receptor subunit genes crashed and burned because of conflicts with another postdoc in the lab. Having no clear idea of what else I could do, I pursued a project of Axel’s design to understand the molecular diversity of cell types in the Aplysia abdominal ganglion using differential screening of cDNA libraries with radiolabeled cDNA probes made from single, dissected ganglion cell types [15]. This project was aimed at the right question, but ultimately it failed because of the relative insensitivity of the technique. Indeed, the basic concept was the same as that underlying single-cell RNA sequencing, which has revolutionized the identification and classification of different neural cell types 30 years later. As usual, Axel was far ahead of his time.

Discouraged and tired of being mired in the inky viscous secretions of vivisected sea-hares, I decided to quit the project after nine months and tried to pivot to a new direction that would take advantage of the cutting-edge molecular cloning techniques I had learned, so that I was not starting all over again from scratch. I felt like a fighter pilot going down in flames, trying to pull myself out of a nosedive before crashing. There were two major directions I considered. One was to use my training in cell biology to identify the components of presynaptic active zones and thereby understand the control of neurotransmitter release. In retrospect, this was a good idea (it eventually won a Lasker Award for Richard Scheller, Thomas Sudhof, and James Rothman and a Nobel Prize for the latter two). Although it seemed an obvious project for someone with my training, I decided not to pursue it, for two reasons: First, there was no in vitro functional assay for neurotransmitter release, and I had been taught by Günter to believe that without one, such a cell biological problem could never be solved. (Ironically, Scheller, Südhof, and Rothman discovered t-SNAREs, v-SNAREs, and other proteins controlling synaptic vesicle release [16] without the benefit of any such in vitro functional assay). Second, I had also been taught that a process as fundamental as vesicle fusion should be the same in every cell type, and therefore instead of struggling to study it in complicated neurons I should use a more experimentally tractable system such as yeast, as illustrated by Randy Schekman’s Nobel-winning work [17].

The other direction I considered, and ultimately chose, was embryonic neural development. Philip Grant, our neighbor in Woods Hole, was an embryologist who had influenced me to become a biologist and who encouraged me to investigate the molecular biology of development. Searching for a tractable experimental system for studying the development of neurons I discovered the neural crest, which gives rise to the entire peripheral nervous system as shown in elegant cross-species embryonic transplantation experiments by Nicole LeDouarin. This system seemed experimentally more tractable than the central nervous system (CNS), which was dauntingly complex, and potentially ripe for investigation using molecular techniques. I thought I could use the differential cDNA library screening techniques I had learned in my Aplysia project to identify marker genes that could label different types of neural crest derivatives and trace their lineage.


Chromaffin Cells, Chromatin Structure, and Transdifferentiation

Through my attendance at the 1979 MBL Neurobiology Course in Woods Hole, I had learned about the work of instructors Ed Furshpan, David Potter, Story Landis, and Paul Patterson, then at Harvard, which had revealed evidence of remarkable phenotypic plasticity in sympathetic neurons: They could switch their neurotransmitter phenotype from noradrenergic to cholinergic in cultures treated with heart cell-conditioned medium [18], which was later purified by Patterson at Caltech and shown to be identical to the leukemia inhibitory factor (LIF) [19]. A similar and even more dramatic example of this phenotypic plasticity was work by Patterson’s graduate student Allison Doupe demonstrating that fully differentiated adult adrenal chromaffin cells (endocrine cells) could be converted into sympathetic neurons in culture simply by treatment with NGF [20]. Strikingly, this dramatic phenotypic transformation could occur in individual cells in the absence of any cell division.

This example of transdifferentiation without mitosis caught my attention because a prevailing view at the time was that differentiation was inextricably coupled to cell division. One explanation for this tight coupling was proposed by Harold Weintraub of the Fred Hutchinson Cancer Institute in Seattle, a brilliant friend of Richard’s whom I had met during his visits to Columbia. Weintraub had recently shown, using the globin (the protein component of hemoglobin) gene as a model, that latent changes in chromatin structure developmentally preceded overt transcription, converting “closed,” transcriptionally repressed chromatin into an “open” derepressed state that was transcriptionally quiescent, but accessible to cell type–specific transcription factors following differentiation [21]. Weintraub had suggested that such changes in chromatin structure could underlie the phenomenon of embryonic “determination,” in which apparently undifferentiated cells would express their normal differentiation program even after transplantation into an ectopic embryonic environment. Crucially, these changes in chromatin structure (now known as “epigenetic” changes) were thought to require cell division to permit changes in DNA methylation and histone remodeling that were dependent on DNA replication (although early experiments by Helen Blau challenged that idea). I found Weintraub’s model, published in the same year as Doupe and Patterson’s paper (1985), fascinating. The fact that adrenal chromaffin cells could differentiate into sympathetic neurons suggested to me that these fully differentiated endocrine cells might, because of their developmental history, maintain neuron-specific genes in an “open” chromatin configuration, transcriptionally quiescent but poised for expression in response to NGF. If so, it could provide an explanation for their transdifferentiation potential.

To test this hypothesis, I decided to use differential screening of cDNA libraries I constructed from sympathetic ganglion mRNA to identify genes expressed in sympathetic neurons but not in chromaffin cells, in the hopes that they would serve as early markers of transdifferentiation. I identified about a dozen such differentially expressed genes and showed that one of them, which I called SCG10 (superior cervical ganglion clone 10, later renamed, like all of the genes I originally discovered, as “stathmin”), was a neuron-specific marker whose expression was low in chromaffin cells, but which became up-regulated during their in vitro transdifferentiation into sympathetic neurons in response to NGF. I learned how to dissect and culture primary chromaffin cells and transform them into sympathetic neurons from Doupe, when I visited her at Harvard while she was a graduate student in Patterson’s lab. Later, when Doupe moved to Caltech to postdoc with Mark Konishi (see volume 6), she and I became close friends and regularly kvetched over dinner at a cheap Chinese restaurant. It was a great personal loss to me when she passed away prematurely from breast cancer in 2014.

Richard and I published our first paper together in Cell in 1985 describing these results, titled “Molecular Probes for the Development and Plasticity of Neural Crest Derivatives” [22]. Like my doctoral work, the paper was less important for the results it contained than for the molecular techniques it introduced to the study of neural crest development, and the ideas about open chromatin and transdifferentiation raised in the discussion. I have a vivid memory of Richard walking into the lab the morning after I had given him a draft of the paper proposing the “open chromatin” model for chromaffin cell plasticity, with my paper in his hand. He looked at me in a way that he hadn’t before and mentioned that he found the idea interesting. I thought maybe he was considering the remote possibility that I was more than just a pair of hands. Later, at Caltech, using DNase1 hypersensitivity to probe chromatin structure à la Weintraub, I confirmed that SCG10 was indeed maintained in an open chromatin configuration in chromaffin but not in liver cells [23], consistent with our hypothesis. In the modern era, this concept has been confirmed and better understood in many cellular systems using more sophisticated markers, such as antibodies to detect specific histone modifications associated with open vs. repressed chromatin. As the field has advanced, our paper has been forgotten, but I was glad that the idea (albeit one we proposed without any direct evidence) seemed to be on the right track.




From Molecular to Cellular Approaches to Neural Development

During another visit to Woods Hole in the summer of 1984 I had an encounter that changed the trajectory of my postdoctoral research and influenced my scientific direction for years to come. At a softball game at Milfield Park interrupted by rain I met the craggy-faced Martin Raff (see volume 5), a brilliant cell biologist at University College London who had introduced, in a seminal 1983 Nature paper [24], the idea of using antibodies to cell-surface antigens to label different glial cell types and study their development in culture. I excitedly told Martin about my molecular data and ideas about open chromatin and transdifferentiation potential, and he told me that I was wasting my time trying to study this plasticity at the molecular level because I wouldn’t learn anything that wasn’t already known from studies of cell type–specific gene transcription in more tractable models, such as the globin gene. I was of course disappointed in his dismissal (although I later proved him wrong with the discovery of the neural-restrictive silencer factor [NRSF], aka REST; see the section “Silencing Is Golden”), which would never have been discovered from studies of the transcription of globin or other “standard” genes. At the same time, I could see the value of his studies of progenitor cells and their interactions with environmental signals, to complement the molecular work I had initiated.

I returned to Columbia determined to put this approach into practice. Doupe, Landis, and Patterson had speculated in their 1985 paper reporting chromaffin cell transdifferentiation that this plasticity might reflect a common developmental progenitor to chromaffin cells and sympathetic neurons. I decided to test that hypothesis by isolating such progenitors from embryos and testing their developmental potential in vitro, using the type of approach Raff had pioneered. With help from Jane Dodd and Tom Jessell, who had recently moved to Columbia from Harvard and had a lab next door, I identified cell surface markers for these progenitors and was able to isolate them by fluorescence activated cell sorting (FACS), grow them in culture, and show that single progenitor cells could divide and produce either sympathetic neurons or chromaffin cells, with NGF promoting the former and glucocorticoids the latter. These results were published in a second paper [25] with Axel in 1986, the year in which I moved to Caltech.






Caltech: 1986–2026

My lab has meandered through many subfields of neuroscience during my 40 years at Caltech, reflecting my difficulty in choosing between interesting projects and directions. In the interests of brevity, I will highlight a few through-lines of research and their history, prioritizing those that have interesting twists and turns or associated anecdotes.


1986–2011. Neural Development: Stem Cells, Transcription Factors, and the Neural Crest

My initial research program at Caltech was shaped by the influence of two major scientific heroes (in addition to Axel): Raff and Weintraub. The former guided me through stem and progenitor cell biology, the latter through chromatin structure and the transcriptional control of cell fate. Although these two fields were largely siloed from one another (I’m not even sure whether Raff and Weintraub ever met), my aim was to try to bring them together and attack the problem of neural development at both the cellular and molecular levels. This multilevel approach has carried through my entire time at Caltech.




Neuropoiesis and Neural Crest Stem Cells

Patterson, whose lab was adjacent to mine during this period, had made me aware of analogies between the developing immune and nervous systems through his pioneering work on cytokines. I expanded on this in a review article published in Neuron in 1989 titled “The Neural Crest Cell Lineage Problem: Neuropoiesis?” [26], in which I suggested that the many different neural crest-derived cell types might develop from self-renewing stem and lineage-restricted progenitor cells in a manner analogous to hematopoiesis, as described by Irv Weissman at Stanford (another major influence) and others, suggesting the term “neuropoiesis” to describe the model. I further suggested that this model could be tested in a manner analogous to hematopoiesis, by identifying specific surface markers for these stem and progenitor cells, isolating and purifying them by FACS, and testing their developmental properties in clonogenic assays. Because we were at the time unable to track the progeny of single stem cells transplanted to a host embryo in vivo (as was done to map hematopoietic lineages), we relied instead on in vitro (as in Petri dishes, not test tubes) clonogenic assay systems.

In those days, people sent reprint request cards by mail to authors. That review article must have struck a chord, because to my surprise it received literally hundreds of reprint requests (maybe more than 500). Even Stephanie Canada, a Biology Division administrative assistant who sorted mail in the division office, remarked to me “Wow, that must have been some article you wrote!” from the volume of reprint requests she received for it. Instead of feeling rewarded, however, I was disappointed that I was only able to muster that level of interest for a review/perspective article I had written, rather than for an actual primary research paper from my lab. It only reinforced my view of one of my limitations as a scientist, which was that my experiments were never as interesting (or important) as my ideas. Perhaps that was because my father was a theoretical physicist who trained with a former student of Einstein’s—who famously said, “Imagination is more important than knowledge.” Ultimately, of course, I have no one to blame but myself.

At least I tried to put my money where my mouth was. Our major objective in this period was to see if we could isolate an undifferentiated progenitor cell from the neural crest, and test whether it possessed the two cardinal properties of stem cells: multipotency and self-renewal. This project was carried out by Derek Stemple, one of my first graduate students who was both brave and creative. After five years of hard work, Derek and I published our paper on the isolation of a self-renewing multipotent stem cell from the neural crest in 1992 in Cell—the first Cell paper from my laboratory [27]. This was the first demonstration that such stem cells existed in, and could be isolated from, an embryonic vertebrate nervous system. More important than the particulars it reported, it helped fire up the field of neural stem cell biology, which exploded over the next five years. Of course, once a stem cell was finally isolated from the CNS, Derek’s landmark paper was rapidly forgotten (since, as I liked to say, “nobody gives a s**t about the peripheral nervous system”), but I’m glad we helped to jump-start the field.

The long gestation of the work and the obstacles encountered along the way show how mercurial and unpredictable this type of research can be. Derek had isolated neural crest cells using a monoclonal antibody to the low-affinity NGF receptor and had cultured them on a fibronectin substrate. The cells readily differentiated into what looked like Schwann cells but try as he might, Derek was unable to coax them to differentiate into neurons. We were ready to throw in the towel and write it up as the isolation of a committed glial progenitor, when one day I came back from a meeting where someone reported successfully culturing chick peripheral neurons on a polyornithine-laminin substrate. It occurred to me that maybe neurons were being born but couldn’t attach or survive on a fibronectin substrate, so I suggested to Derek that he try adding poly-L-lysine and laminin to the substrate. Miraculously, when he did so, neurons appeared in addition to glia, and we were off and running.

Why it worked I still don’t know to this day, but the episode reinforced the hit-or-miss, alchemical nature of this kind of work. In fact almost a decade later (2001), when the public finally started to pay attention to stem cell research thanks to the first reports of human embryonic stem (ES) cells, I published an op-ed in the New York Times titled “The Alchemy of Stem Cell Research,” to emphasize how much the discovery of the signals necessary to coax stem cells to differentiate into a desired cell type depended on educated guesses and trial and error. Fortunately, in our case, the educated guesses turned out to be good ones, and eventually Nirao Shah (the second graduate student in my lab to work on neural crest stem cells) published two beautiful papers in Cell identifying growth factors that pushed the stem cells to differentiate into autonomic neurons (BMP2/4), fibroblasts (TGF), or Schwann cells (glial growth factor, or GGF/neuregulin-1 as it was also called) [28, 29]. Importantly, Nirao showed, for the first time in any stem cell system, that these signals acted on the stem cells by instruction (i.e., inducing them to choose one differentiated fate at the expense of others) rather than by selection (promoting the selective survival of one cell type in a mixture of different cell types generated at random by the stem cells, which was the prevailing view of hematopoiesis at the time). Raff, at least, thought this was interesting and important.






Neural Cell Fate Determination Genes: The Cloning of Ascl1 (aka MASH1) and the Neurogenins

One of the key next questions was to understand how and when the progeny of a neural stem cell started to become different from one another. Nirao’s results suggested that this process probably began hours or days before overt neuronal differentiation was observed. Apparently, some stem cell progeny possessed a latent neurogenic potential that was absent in other, morphologically indistinguishable cells. We wanted to find a marker that would make such an invisible state visible so we could study the lineage restriction process. In addition, we hoped that such a marker might play a causal role in lineage restriction.

In the late 1980s, Weintraub published a landmark paper identifying a member of the recently identified basic helix-loop-helix (bHLH) family of transcription factors, which he called MyoD, which first became expressed in committed muscle precursors before they showed any other signs of overt differentiation, and whose forced expression was able to convert almost any cell type into a myoblast [30]. This discovery, which sent shock waves around the world, was the first identification of a transcription factor that caused determination (invisible commitment to a particular fate) rather than overt differentiation. Had Hal not died tragically of glioblastoma in 1995 at the age of 49, he almost certainly would have shared the 2012 Nobel Prize with Shinya Yamanaka and John Gurdon for their demonstration of the pleuripotency of ES cells and the transcription factors that conferred this property. Hal’s discovery of MyoD was electrifying; I was certain that there must be analogous determination factors for neurons and glia, and that if we could find them, they would help us unlock the secrets of neural crest stem cell fate determination. The question was, how to get our hands on them?

My first (derivative) guess was that such neurogenic determination genes were likely to be related to MyoD (i.e., to be members of the bHLH family). Work by David Baltimore at MIT reinforced this idea by identifying other bHLH factors (called E-proteins) that controlled the differentiation of specific immune cells. Using MyoD or E-protein cDNA probes to screen neural cDNA libraries at low stringency seemed messy and likely to get us nothing but lots of false positives. At this point, both technical advances and serendipitous events occurred that gave us a new way to try to discover these molecules. The first was the development of the PCR by Kary Mullis, a technique that allowed one to amplify vanishingly small amounts of DNA by orders of magnitude for further analysis (for which Mullis won the 1993 Nobel Prize in Chemistry). The second was the use of PCR to clone new members of a given gene family by amplifying cDNAs with “degenerate” DNA primers, short pieces of “starter” DNA that could in theory hybridize to sequences shared by different members of a gene family with sufficient stability to permit PCR amplification. (This was the technique that eventually allowed Buck and Axel to clone the olfactory receptor gene family in 1991.) This seemed like an ideal way to try to clone MyoD relatives that served an analogous function in neural precursors.

At the time, however, very few labs were set up to use this new technique. Fortunately, one of those was that of Melvin Simon, who had recently moved his lab to Caltech from University of California, San Diego. A postdoc in his lab named Tom Wilke had set up this technique. Coincidentally (or perhaps prophetically) Tom’s wife, Jane Johnson, who had worked as a visiting graduate student in Barbara Wold’s lab at Caltech on muscle differentiation, decided (with Barbara’s encouragement, another debt I owe her) to join my lab as a postdoc. In a match clearly made in Heaven, this put us in a unique position to screen for neural friends and family of MyoD.

Using cDNA isolated from an immortalized sympathoadrenal progenitor cell line (called MAH cells) made by Susan Birren, another postdoc in my lab, Jane threw dozens of MyoD-related degenerate primers (and thousands of dollars) into PCR reactions to try to amplify a NeuroD, to no avail. We were about to give up in our hunt for the white whale when Kai Zinn (a tall, lanky assistant professor from Los Alamos, New Mexico, who had recently joined the Caltech faculty) came back from a visit to his postdoctoral mentor Tom Maniatis at Harvard with some interesting news. Tom was interested in studying muscle development in Drosophila and had isolated a fly homolog of MyoD. Strikingly, Kai told me, the bHLH sequence of fly MyoD was more homologous to that of mouse MyoD than to other fly bHLH family members. The latter included achaete and scute, two obscure and unpronounceable genes that controlled the development of neural precursors in the fly PNS. Kai suggested that maybe instead of trying to use degenerate PCR to isolate neural homologs of MyoD, we should be trying to isolate neural homologs of achaete and scute. This was undoubtedly among the best advice I have ever received from any faculty colleague in my 40 years at Caltech, and Kai laconically tossed off the idea like a suggestion to try a new breakfast cereal. Electrified, I knew Kai had to be right.

I ran up the steps of my building back into the lab and excitedly told Jane that she should throw out all her MyoD and E-protein primers and immediately try degenerate primers for achaete and scute. She did so, and within a week she had cloned two achaete-scute homologs from MAH cell cDNA. Like MyoD, the bHLH sequences of these homologs, which we called MASH (for mammalian achaete-scute homolog)-1 and -2 (in honor of my then-wife’s favorite television show), were more closely related to the fly achaete-scute bHLH sequences than it was to any other mammalian bHLH sequences including MyoD (explaining why we had failed to find them using MyoD PCR primers) [31]. This finding, together with Maniatis’s results for fly MyoD, indicated that the cell-type specific expression of bHLH factors and their amino acid sequences was conserved across 500 million years of evolution.

This result had ramifications far beyond simply identifying candidate neural determination genes in vertebrates: It indicated the existence of a fundamental transcriptional code for cell type, analogous to the transcriptional code for body axis position shared by fly and mammalian homologs of the homeobox gene bithorax and its family members as discovered by Robb Krumlauf and others. With a mixture of excitement and terror, I realized that we had stumbled on an important and potentially universal principle underlying the development of different cell types and tissues. Something that not only developmental neurobiologists, but everyone in the field of developmental biology, should care about. I even remember Christiane Nüsslein-Vollhard leaning forward in her chair and squinting at my slide when I showed the sequence alignment between the MASH and Achaete-Scute genes at a meeting in Heidelberg. Suddenly, my parochial work on the neural crest had acquired a broader relevance.

The discovery of the MASH genes (now renamed Ascl1 and 2 by the human genome nomenclature committee in their infinite wisdom) excited the vertebrate neural development community, not only because of their potential importance for neural fate determination, but also because it made everyone realize that the whole network of Drosophila neural developmental control genes, including Notch, Delta, and their ligands as well as other bHLH factors, could be used as hooks to fish out their mammalian homologs. All of a sudden, instead of flailing about trying to guess what genes might be important for mammalian neural development, one could take advantage of the powerful unbiased, systematic genetic approaches available in flies to provide candidates for vertebrate neural developmental control genes. Interestingly, at the time (1990) the prevailing view in the neuroscience community as articulated in textbooks like Dale Purves’s (see volume 11) and Jeff Lichtman’s (see volume 14) classic Principles of Neural Development was that vertebrate and invertebrate brains developed according to fundamentally different principles: Invertebrates used a cell-intrinsic lineage-based program, known tongue-in-cheek as the “European plan” (you do what your ancestors did), whereas vertebrates used cell-extrinsic signals to direct the differentiation of otherwise plastic cells, known as the “American plan” (you do what your neighbors do). Our results showed that simply wasn’t true, at least at the molecular level.

Ironically and frustratingly, the one obvious experiment we tried immediately after cloning the MASH genes—to mis-express them in fibroblasts and see if they would convert those cells into neurons—didn’t work. It would take years of trial-and-error experiments by other labs including Marius Wernig’s, as well as the isolation of additional vertebrate neural bHLH genes such as the neurogenins (discovered by my lab) and the atonal/NeuroD family (cloned by Huda Zoghbi; see volume 14), to find a cocktail of transcription factors that could be used to reprogram human fibroblasts to neurons à la MyoD [32]. While I sometimes wish my lab had stuck with the molecular alchemy long enough to get it to work, the one satisfaction I have is that Ascl1 and neurogenin have turned out to be useful neural reprogramming factors [33]. Hopefully, one day this technology will be applied to treat human neurological diseases.


Silencing Is Golden: How Neuron-Specific Gene Expression Is Achieved

In the 1980s the prevailing view among molecular biologists was that cell type-specific gene expression was achieved by specific “enhancer” elements: short DNA sequences located in the region upstream (5’) of the gene’s coding sequence that were recognized and bound by cell type–specific transcription factors, which recruited RNA polymerase II to promote transcription. (These cell type–specific transcription factors were in turn thought to be activated by a combinatorial code of factors during the cell’s developmental history and then, once activated, to maintain their own expression through positive autoregulation.) The advantage of this mechanism is that the same enhancer element could be used over and over in the terminal differentiation genes specific to that cell type’s function. In a muscle cell, for example, this “gene battery” (a term coined by my late Caltech colleague Eric H. Davison) would encode proteins such as actin, myosin, troponin, and tropomyosin. Thus, as soon as the “master regulator” transcription factor for muscle was turned on, all the genes in the battery would turn on as well. In this respect, MyoD and its relatives, some of which were discovered by Barbara Wold, appeared to fit the bill as “master regulators” of muscle; the enhancer element it bound, called the “E-box,” was present in and controlled the expression of many muscle-specific genes.

Given Axel’s interest in the mechanisms of transcription, my training in his lab aroused my interest in the problem of how neuron-specific gene expression was controlled; I saw it as another potential bridge to build between molecular biology and neuroscience. But at the time, most molecular biologists (including Axel) simply assumed that a similar mechanism would operate in neurons; why should they be different from any other cell? Although the discovery of a neuron-specific enhancer and its cognate master regulator might provide some experimental utility (e.g., in allowing neuron-specific gene expression from viral vectors), their identification would be unlikely to yield any fundamentally new insight into the control of transcription that had not already been established from studies of model cell type–specific genes, such as globin or pancreatic elastase. Therefore, the thinking went, studying the control of neuron-specific gene expression would be a waste of time, and Richard discouraged it.

I was sensitized to this neuro-centric view from my training in Blobel’s laboratory. Although my doctoral thesis on the synthesis and membrane integration of the AChR subunits might have excited some neurobiologists, in Günter’s view, they revealed no new fundamental concepts in cell biology. It was a perspective I was to encounter many times in my career: The cellular and molecular mechanisms underlying the development and function of neurons were assumed to be the same as in every other differentiated cell type, and while perhaps of parochial interest to neurobiologists (who were viewed as an insular and myopic bunch), their study was unlikely to reveal any new principles of cell function. (Ironically, even when specialized neuronal proteins were shown to control processes like synaptic vesicle release [16], because those mechanisms did not generalize to other cell types, they were not considered “fundamental.” I guess you can’t win.)

Despite this discouragement and dismissal, I thought that understanding the mechanism of neuron-specific gene expression would still be worth the effort, principally for two reasons. First, neurons presented a special case of transcriptional control because of the extreme diversity of neuronal subtypes. Each neuron type expressed a combination of genes that included both generic pan-neuronal (e.g., the sodium channel), and cell type-specific (e.g., neuropeptide) genes. On the one hand, this might be achieved by having two parallel transcriptional control systems, one for pan-neuronal and the other for cell type-specific genes. In that case, the research might indeed identify a master regulator of the neuronal phenotype. On the other hand, even pan-neuronal genes might be under the control of many different cell type–specific transcription factors in different neuronal cell types, in which case the search for a master regulator would be a fool’s errand. There was only one way to find out. And who knew, there might after all be special transcriptional mechanisms for neurons that had not yet been identified by the study of tissue-specific transcription in other non-neuronal systems.

The second reason for chasing this potentially wild goose was to better understand neural development. Eric Davidson (who was quite powerful and influential at Caltech during that time) had argued that the “right” way to approach this complex problem, at least in a system lacking traditional mutational genetics, such as the sea urchin embryo (on which he worked), was to begin by identifying the transcriptional regulators that controlled expression of lineage-specific “end-state” genes, and then to work “backward” in developmental time to identify the regulators of the regulators, and their regulators in turn, and so on. In principle one could then use the developmentally earliest regulators both as markers, to identify otherwise undifferentiated embryonic cells that had already “chosen” a neuronal fate, and also as a handle to understand the molecular mechanism of this developmental decision.

So, despite warnings from people like Axel and Raff, I pursued this potentially spurious holy grail using SCG10, the neuron-specific marker gene I had identified in my sympathetic neuron vs. chromaffin cell screen in Axel’s lab. SCG10 was abundantly expressed from the earliest stages of neuronal differentiation in what, as far as I could tell, was every neuron type. Later, SCG10 turned out to be a member of the “stathmin” gene family, which encodes microtubule-severing enzymes as shown by Tim Mitchison. SCG10 is a membrane-tethered isoform of stathmin, which we found accumulated in the growth cones of nascent embryonic axons, perhaps to prevent the extension of axonal microtubules into this region so they could be replaced by the terminal actin-filament network. It was never our intention to understand the function of SCG10; for us it was just a marker. (As Peter Walter once said disparagingly of molecular biologists who used what Günter called “their gun-shot approach”—a mangled reference to “shotgun” DNA sequencing—“The Lord forgive them, for they know not what they clone.”)

Through almost a decade of work that began virtually as soon as I arrived at Caltech, we discovered a mechanism for the transcriptional control of SCG10 expression that had not yet been described by the “professional” molecular biologists in any of their favorite model genes. We found no evidence that the SCG10 gene contained a positive-acting neuron-specific enhancer element recognized by a neuron-specific “master regulator” transcription factor, which was the boring result that my molecular biology colleagues had predicted. Instead, we found evidence of a de-repression mechanism, in which the expression of neuron-specific genes was turned off in non-neuronal tissue by a DNA transcriptional repressor element (or silencer, as we called it) that was bound by a protein that, at least in developing embryos, was present in every tissue except neurons. Even in the nervous system, moreover, this silencer was present in neuronal precursors in the ventricular zone of the spinal cord and was turned off as the cells migrated and differentiated into the marginal zone to become motor and interneurons.

We discovered this mechanism by first identifying the cis-acting DNA repressor element in the SCG10 upstream region, which we named the NRSE (the neural-restrictive silencer element) [34]. Subsequently, using a radioactively tagged NRSE as a label, my graduate student Chris Schoenherr identified and cloned the silencer protein that bound to it, which we called NRSF (the neural-restrictive silencer factor) [35]. A similar DNA repressor element was identified by Gail Mandel (see volume 12) in the type II sodium channel gene and named repressor element I (RE-1). Using labeled RE-1 as a tag and a similar strategy as we did, she independently cloned NRSF, which she named the repressor element I silencing transcription factor (or REST) [36].

Remarkably, our initial genome searches [37] (and more comprehensive later work by my Caltech colleague Barbara Wold [38]) revealed that most genes containing the NRSE/RE-1 in their nontranscribed sequences encoded neuron-specific proteins, many of them isoforms of more broadly expressed proteins. We hypothesized that because many of these neuron-specific genes had apparently evolved by duplication and modification of ubiquitously expressed genes (e.g., neuron-specific tubulin, neurofilament, neuron-specific enolase), a parsimonious explanation was that it might have been more economical to evolve a silencing mechanism to keep these genes turned off in non-neuronal tissues, than to have to evolve both a new, positive-acting neuron-specific transcriptional enhancer and mutations to inactivate the ubiquitous enhancer(s) controlling non-neuronal expression (which presumably were copied when these broadly expressed genes were initially duplicated).

We were the first to report the isolation and sequence (albeit a few amino acids short of the C-terminus) of the gene encoding this silencer protein in Science, ahead of Mandel’s publication by several months. As the initial discoverer, we had earned the traditional right to baptize the gene and its encoded protein as NRSF. However, several months later someone from the Human Genome Gene Nomenclature Committee called me up and said that the name Nrsf had already been assigned to another unrelated gene, and would I please suggest a new, different name for it. When I struggled to come up with an alternative moniker on the spot, the Gene Nomenclature representative asked whether I would just approve using REST, Gail Mandel’s name for it. Being young and naïve, to my everlasting regret and chagrin I immediately said “yes,” not realizing that in so doing I had not only consigned the name NRSF to the trash heap of forgotten gene names but also inadvertently assigned Mandel spurious credit for the initial discovery of the silencer protein. As Nicholas Wade once wrote in the New York Times when describing the conflict between Luc Montagnier and Bob Gallo over naming the virus that caused AIDS, “In science, as in primitive societies [italics mine], to name an object is to own it.” That accidental transfer of ownership, as well as our finding that a gene knockout of NRSR/REST produced no obvious defect in neural development caused me, at first reluctantly, to abandon further studies of the protein several years later and leave the field in the capable hands of Gail Mandel. That decision (as well as other factors as discussed below) presaged my eventual abandonment of transcription factors, stem cells, and neural development and my shift into neural circuits and behavior.

The one lasting satisfaction I derived from this otherwise Pyrrhic victory is that an excellent, highly specific monoclonal antibody to NRSF that we developed eventually proved useful to my colleague Barbara Wold (a fellow Axel lab alum and my counselor and confidante in all things transcriptional at Caltech) in her development of the widely used ChIPseq technology. Her original paper describing this invention [38] has been cited almost 4,000 times—many more than any paper I have ever written. Fortunately, Barbara graciously referred to the protein throughout her ChIP paper as NRSF (pressuring the editor of Science to allow her to do so), so that our role in the discovery of this now-famous protein is not forever lost to history.






1998–2026: Neural Circuits, Innate Behavior, and Emotions


Changing Fields

I think it’s safe to say that I have done my best and most original work when opening up or getting into a new field. It’s exciting, stimulates the imagination, and creates a virtually unlimited horizon of opportunities, a completely empty sandbox with no one to play in it except yourself. I dislike working in a crowded and competitive field, always worrying that some unknown competitor is breathing down my neck and turning every project into a race. So it happened in 1998 when, six years after we had identified the neural crest stem cell, Jamie Thomson of the University of Wisconsin-Madison dropped the bombshell report of the first isolation of a human ES cell line, initiating a goldrush into the field of stem cell biology. Suddenly everyone was studying stem cells—ES cells in particular, because of their potential therapeutic applications to human disease. Predictably, this rush was accompanied by some questionable science, and there was a flurry of eventually discredited papers in high-profile journals reporting the conversion of stem cells from blood into brain, brain into bone, and so on. It was proving difficult to keep up in this race while doing science in the rigorous but painstaking way required to maintain the high scientific standards I had internalized from Axel. More important, it had become clear that no one in the stem cell field gave a s**t about neural crest stem cells, while no one in the neural stem cell field gave a s**t about the stem cells for the peripheral neural nervous system. I decided it was time to move on to a new field—just around the time that California voters approved a proposition committing $3 billion to stem cell research over a 10-year period. I remember waking up one night at 3 a.m. from a fitful sleep, looking bleary-eyed into the mirror and asking myself, “Are you out of your f***ing mind?!” Yes.

Genes don’t control behavior; neural circuits control behavior.

—R. Axel

It was around this time (the mid-1990s) that Axel had begun to use molecular techniques to trace the connectivity of neurons expressing the odorant receptor genes that he and Buck had isolated in 1991. Up until this time, most molecular biologists working in neuroscience, such as MIT’s Susumu Tonegawa, were taking the approach of knocking out specific genes in mice and examining the behavioral phenotype. This “reverse genetics” approach was one way to address the fascinating question of how genes control behavior (which had drawn pioneer molecular biologist Seymour Benzer into the field using Drosophila). It was made possible by the development of technology for targeted gene knockouts in mice using homologous recombination in ES cells, by Mario Capecchi (who won the 2007 Nobel Prize for this contribution). The pages of Cell began to fill up with such papers.

By the mid-1990s, however, it was becoming clear that even with “conditional” (brain- or region-specific) knockouts, it was going to be difficult to understand how such engineered mutations produced their behavioral phenotypes in adult mice, because the knockout could disturb the brain’s early development or function (or both) and could affect the latter in many indirect ways. Without knowing the circuits in which the gene was acting, and how those circuits developed and controlled the affected behavior, interpreting such experiments was largely guesswork. Even the demonstration that a hippocampus-specific knockout of the calcium/calmodulin-dependent protein kinase (CamK) II gene affected both long-term potentiation (LTP) in acute brain slices and spatial learning in freely moving animals didn’t formally prove (contrary to some claims) that hippocampal LTP is necessary for spatial learning; the two mutant phenotypes could in principle have been independent and causally unrelated.

What, then, could molecular biologists like me contribute to the understanding of behavior? My epiphany came when Axel introduced a lecture I attended with the bold assertion that “Genes don’t control behavior; neural circuits control behavior.” He then proceeded to elegantly show how the tools of molecular biology could be applied to map and manipulate neural circuitry, rather than to perturb a gene’s function. Crucially, rather than using homologous recombination in ES cells to knock OUT a gene, he applied Capecchi’s technology to knock IN to a particular gene locus an anatomical marker, such as bacterial ß-galactosidase fused to the microtubule-associated gene tau (aka tau-lacZ), to attach it to axonal microtubules. This placed the expression of tau-lacZ under the control of all the genomic transcriptional regulatory elements that governed the specific expression of that gene in particular neurons and allowed one to trace the projections of those neurons using a blue histochemical enzymatic reaction for lacZ expression. This elegant strategy bypassed the laborious traditional approach of first identifying in a piecemeal manner specific transcriptional enhancers for a given gene, which could take years and was frequently hit or miss.

This revolutionary approach was spectacularly applied to individual odorant receptor genes by Peter Mombaerts (then a postdoc in Axel’s lab) to show that all of the olfactory sensory neurons (OSNs) in the nasal epithelium that expressed a given odorant receptor gene sent their axons to a common glomerulus in the olfactory bulb, and moreover that each OSN projected to a different glomerulus, thereby revealing a spatial map of odor specificity in the bulb [39]. Using the same knock-in strategy Axel later showed that electrically silencing such OSNs, by specifically expressing the inwardly rectifying potassium channel gene Kir2.1 (a technique, like tau-lacZ labeling, borrowed from Drosophila), caused a disruption of these projections [40]. This implied that spontaneous electrical activity in these neurons was required to form this olfactory map. I found these experiments very exciting, not only for the insight they yielded into olfaction but also for what they portended for the field more generally.

When, in the late 1990s, I began to discuss with Richard (whose advice and mentoring I frequently sought throughout my career) my plans to switch from neural development into neural circuits and behavior, these powerful genetically based techniques for circuit mapping and manipulation were in their infancy (at least in mice; Drosophila was far ahead at the time). It seemed like one contribution I could make would be to build on this approach to develop variations of these techniques, such as using the activity-dependent regulatory elements in the c-fos gene to drive expression of tau-lacZ, so that one could specifically map the projections of only those neurons that were active during a particular behavior. (This idea was, like many of mine, too far ahead of available technology at the time and only became truly feasible beginning in 2013, after Liqun Luo developed the TRAP technology to stably mark active neurons using a c-fos knock-in of Cre recombinase [41].)

Although Richard was generally supportive of this approach, he wisely suggested that I avoid pure technology development and instead develop and apply these methods as they were needed, to a biologically interesting and important problem. “Pick a behavior and map the circuit,” he advised. Because Richard was usually right, I followed his advice. The question was which circuit and which behavior?




A Fitful Foray into Fear

The molecular labeling of specific neural circuits ought to be particularly useful, as Richard had shown, for mapping innate behaviors. Presumably these behaviors, such as mating, aggression, and parenting, were controlled by developmentally and genetically specified neural circuits. Because such “hard-wired” circuits were likely to be anatomically invariant across individuals as well as molecularly specified, the use of molecular genetic techniques to map neural pathways seemed most likely to be useful in the case of such instinctive behaviors.

In thinking about relatively virgin territory where I could begin to apply such approaches productively, I considered that it would be wise to choose behaviors that were robust and that had been studied intensively using classical neuroanatomical techniques, but for which important unanswered questions remained. It was the same strategy that had originally drawn me to focus my studies of neural development on the neural crest, rather than on the more complex and less accessible CNS. To avoid competing with Richard and his progeny (such as Catherine Dulac, who like me had moved into circuits and behavior from studying neural crest development with Nicole LeDouarin and who had already identified a family of candidate pheromone receptors in Axel’s lab), I decided to stay away from instinctive reproductive behaviors. Instead, I chose to focus on fear (or more accurately, freezing behavior). Although a great deal had been learned about the neural circuits underlying “conditional” (or “conditioned”) fear, by neuropsychologists such as Joseph LeDoux and Michael Fanselow, much less was known about circuits for innate fear. If one could map such circuits, I reasoned, it would not only be intrinsically interesting but also could yield insight into the question of whether innate and learned fear were completely parallel circuits or shared a final common pathway. It could also be relevant to understanding how brains encode emotion, and thus to mental illness.

The first step was to find someone with the skills to pursue this project. So, in 1998, I took a risk and hired Raymond Mongeau, a French postdoc in Michael Fanselow’s lab at University of California, Los Angeles (UCLA) with experience in the anatomical, behavioral, and pharmacologic techniques used to study conditioned fear. The next step was to identify a stimulus that could elicit robust innate fear (freezing) responses in laboratory mice. Little did I know how difficult this would prove to be.

Soon the lab was filled with the retch-inducing stench of coyote urine and synthetic predator odors such as TMT, which were used by farmers to keep agricultural pests away from their crops. Unfortunately, our standard laboratory C57BL6/J mice seemed completely indifferent to such smells. We thought we might have better luck if we used a live predator. But our campus vet wouldn’t allow us to bring my cat into the lab to present to the mice. Instead, one day we brought a cage of mice upstairs to the lab of the great neuroethologist Mark Konishi, who was rearing owls to study sound localization. When we placed the cage in front of the young birds, they immediately went batshit (or more accurately owlshit) crazy—screeching, flapping their wings and madly pecking and grabbing at the cage with their tiny talons. Meanwhile, the mice couldn’t have cared less and simply continued to go about their normal business of grooming, eating, urinating, and defecating.

Apparently, decades of cushy laboratory living had literally bred the fear of natural predators out of these rodents. In desperation, we imported a strain of wild mice that had only recently been introduced to the laboratory from the Institute of Genetics in Mishima, Japan. These animals seemed an altogether different species from our docile lab mice, capable of jumping many feet into the air and of darting around at lightning speed. After having to change their cages in large garbage cans to prevent the mice from escaping, and spending hours trying to catch a lucky creature that managed to elude our grasp, we decided they were too much trouble to work with and abandoned them. It was back to the drawing board.

To make a long story short, my first foray into behavioral neuroscience produced a less-than-earth-shattering publication [42] describing the pattern of neuronal activity throughout the brains of mice during responses to aversive ultrasonic sweeps (18–22 kHz), a stimulus which we had found could evoke innate avoidance and risk-assessment behavior, if not outright freezing, in naïve mice. Although it was the first effort to map brain-wide patterns of neural activity at cellular resolution during an innate behavior using in situ hybridization for c-fos, it fell far short of making the splash I was hoping for, being rejected even by Neuron and published in the Journal of Neuroscience.

Making this switch in fields was the hardest thing I’ve ever done, professionally. I had been a professor at Caltech for 15 years, and suddenly it felt like I was starting all over again as an assistant professor. Talented postdoc candidates interested in stem cell research stopped applying to my lab. I stopped getting invited to stem cell meetings and lost contact with many of my colleagues in the stem cell field. I got no invitations to any meetings on fear or the amygdala and nobody applied to my lab to work in this area. After having been one of the main players in the stem cell field, I had descended into obscurity. Although I was trying to continue to sail forward, the wind was in my face rather than at my back. It was like going through a painful divorce, and I began to wonder if I had made a serious mistake.




Do Flies Have Feelings?

Seymour Benzer, giant of genetics and founder of fruit fly neuroscience, stood up to greet me as I walked into his cramped office at Caltech. Walled in behind mountainous stacks of books and papers on his desk, he rose slowly and trundled his aging frame carefully around his precarious piles to greet me as I entered the room, then sat in a peeling gray metal lab chair to face me while motioning to me to sit on a similar stool facing him. A gigantic, magnified photograph of a fruit fly’s head adorned the wall behind him, next to a poster from a remake of the movie The Fly starring Jeff Goldblum. “Be Afraid—Be Very Afraid,” said the tagline. Benzer, a transplant from New York to Southern California, retained his Brooklyn accent, pale complexion, and an East-Coast Yiddishkeit manner that managed to persist in Pasadena despite its white-bread, all-American character. (San Marino, where Seymour lived, had been the home of the infamous John Birch Society during the early 20th century and faint echoes of its antisemitic ethos could still be heard, even at Caltech.) Draped in a dirty lab coat, pockets bulging with forceps, notecards, and hemostats, a tartan tie and dangling spectacles adorning his neck, he sat like a Jewish Buddha, a godfather of genes and behavior, waiting for me to speak.

After telling a Borscht-belt joke to break the ice, I waited until the right moment to deliver what I thought would be exciting news to him. It was Seymour who had personally recruited me to Caltech in the mid-1980s, Seymour who had convinced me to leave my home in Manhattan by driving me around Los Angeles in his beat-up 1962 red Dodge Dart convertible and showing me the gritty underside of the city, with its diverse hole-in-the-wall ethnic restaurants. Even though I worked on mice, Seymour kept telling me that one day I would “see the light,” as he put it, and switch to fruit flies. Now, the difficulties I was experiencing as I struggled with neural circuit research in mice made me seriously consider whether I should start working on flies instead.

It was early days and rough going; we had problems generating bacterial artificial chromosome (BAC) transgenic mice, and important new techniques like optogenetics hadn’t been invented yet. Mice were slow and expensive: They had a 12-week generation time, with months required to breed the large numbers of animals needed for behavioral experiments. Flies were cheap, fast (a 12-day generation time), and plentiful. Moreover, the field already had developed genetic techniques for turning neurons on and off (such as the dominant temperature-sensitive shibere mutation used to inhibit neurotransmitter release), which were not yet available in the mouse. I thought it might be time to “see the light” and switch to flies. The only question was whether flies could be used to study primitive emotions.

“So Seymour,” I asked, “do you think flies have fear?”

Seymour looked at me quizzically, like he couldn’t believe I was serious. “Of course, they do,” he said, as if nothing could be more obvious. Yet I’d asked the same question of other colleagues, such as the engineer and neuroethologist Michael Dickinson, and the unequivocal answer was along the lines of: “I doubt it; they’re just little, very sophisticated, robots.”

Seymour had once told me that if you ask your colleagues for advice about an experiment you’re thinking of doing, and everybody says, “don’t do it,” clearly you shouldn’t. If they all say, “of course you should do it,” that means it’s too obvious and therefore you also shouldn’t do it either—everybody else will too. But if half the people you ask say you should do it, and half say you shouldn’t do it, then you should definitely take the risk and do the experiment.

“How do you know that flies have an internal state like fear, and not just robotic escape reflexes?” I pressed. Seymour gave me a “do you really want to hear this?” look, cleared his throat, and told me an anecdote about an unpublished observation he’d made in his lab.

In the 1970s, Seymour had surprised the world by showing that fruit flies can learn and remember to avoid an odor that was previously associated with a foot shock. To do this he had built a clever little apparatus called a “T-maze” to test flies’ preference for one odor versus another, after first pairing one of the odors with a foot shock. While doing these experiments, Seymour noticed that after training one batch of flies in the “shock tube” (which had a thin copper grid on the floor to conduct electricity), the next batch of flies tended to avoid entering the shock tube—even before any shock was delivered. It seemed as if the first group of shocked flies had left behind some kind of odor or residue that was innately aversive to other, naïve flies.

This anecdotal result caught my attention. Famous experiments by the Nobel Laureate Karl von Frisch in the late 1930s had shown that when stickleback fish are stressed, they release an odor from their skin that other fish avoid. He called this odor Schreckstoff, (literally, “fear substance”) and suggested that it might be a kind of alarm signal that fish emit when exposed to a predator, to communicate the presence of the threat to other fish. Seymour’s observation in the T-maze suggested that maybe shocked flies emitted a kind of Schreckstoff as well. If so, then the powerful genetic tools available in Drosophila might allow us to identify this odor and the neurons that detect it, in a way that von Frisch and his colleagues had been unable to do.

I thanked Seymour for the tip, left his office, filed his anecdote away in my brain for future reference and went back to struggling with my not-so-fearful mice. Fast-forward to two years later, when a young student named Greg Suh approached me to ask if I would take him on as a postdoctoral fellow in my lab. Greg had received his doctorate at UCLA with Larry Zipursky, himself a former postdoc of Benzer’s, working on the development of neuronal connections in flies. Larry had recommended Greg highly. I saw this was a chance to start working on flies and accepted Greg into my lab immediately.

For Greg, moving to a lab that had no previous experience with Drosophila, and setting the system up from scratch, was taking a major risk: He could easily have gone to an established fly lab instead. To de-risk the move a bit, I suggested that he could start by following up on Seymour’s Schreckstoff observation, in collaboration with Benzer’s laboratory. For Greg, as well as for me, the chance to collaborate with Seymour, the founding father of Drosophila neuroscience who (even at 80) still ran an active and productive lab, was a dream come true.

After Greg arrived at Caltech, I excitedly called Seymour on the telephone. I explained that Greg had come to my lab to start working on Drosophila behavior, and that I had finally “seen the light.” I told him that I thought the best and most fun way to proceed would be to collaborate with him to follow up on his anecdotal observation suggesting that shocked flies emit a Schreckstoff-like substance that “scares” other flies. Expecting Seymour to be thrilled that I was finally going to take his advice and work with him on flies, I awaited his response.

There was a long pause at the other end of the phone line.

“No,” Seymour said.

“What?!” I exclaimed. I couldn’t believe what I was hearing. “What do you mean, ‘no’?”

“No,” repeated Seymour, simply and evenly, without further explanation.

I hung up, dumbfounded and disappointed. Here was Seymour, who had personally recruited me as a faculty member to Caltech, who had been encouraging me for years to work on Drosophila, giving me the brush-off after I had finally screwed up the courage to start working on flies—and in collaboration with him, no less! I simply couldn’t understand his negative reaction. So I called Larry Zipursky, Seymour’s former postdoc. When I told him the story, Larry was not surprised.

“Seymour hates to collaborate,” he said. I asked him why. Larry explained that Seymour was a solitary person, that he didn’t like to depend on anyone else, that he had had bad experiences with politics in previous collaborations, and that he just wanted to be left alone to do his science. It was nothing personal, Larry said.

I was devastated, and so was Greg. That night, I thrashed fitfully in bed, unable to fall asleep. I worried that I had misled Greg into thinking he could work with the great Seymour Benzer, and now that door had been closed in our face. I felt angry and depressed.

That is, until the next morning when I arrived at the lab. Greg was already standing in front of my office and had a big smile on his face. He had stayed up all night to repeat Seymour’s Schreckstoff experiment in secret, together with a French postdoc in Seymour’s lab, Anne Simon. Greg showed me a bar graph with quantitative results from the experiment. It had worked amazingly well. Seymour’s observation was reproducible, robust, and could form the basis of an exciting research project to search for the fly Schreckstoff and the brain circuits that sensed and transformed it into a fear response. But what to do, given that Seymour had said “no” to my offer of collaboration?

At 3 p.m. (the time at which Seymour usually showed up for work, being a night owl), the phone in my office rang. It was him.

“Well,” he said without any pause, “it looks like we’re in bed together.” Just like that, all of a sudden, he had changed his mind and agreed to the collaboration.

I called Larry Zipursky. “I can’t believe it,” I said, “First Seymour says ‘no,’ then he gets one piece of positive data and flip-flops completely.” Once again, Larry said that was typical Seymour—if he got an exciting result, he couldn’t resist chasing it.

From that point on, Seymour did not simply embrace our collaboration—to the contrary, he virtually took over the entire project. He gave Greg a bench in his lab and insisted that most of the experiments be carried out there. As a result, Greg was hardly ever in my lab. In essence, Greg became Seymour’s postdoc, working on Seymour’s project—except that Seymour still expected me to pay 100 percent of Greg’s salary!

“Classic Seymour behavior,” said Larry when I told him about the arrangement.

And that was the beginning of my research collaboration with Seymour. Several years later, in September of 2004, Seymour, Axel, and I published a paper together in Nature with Greg and Anne Simon as co-first authors [43]. Richard, Seymour, and I were co-senior authors (with myself listed last since I had instigated the project), but we included a note at the end of the paper that said, “R. A., S. B., and D. J. A. made equally minimal contributions to this work.” The editor at Nature asked us if we were sure we wanted to include that statement, and we confirmed that we did. Years later at a Howard Hughes Medical Institute meeting, Yuh Nung Jan (see volume 8) showed it on a slide and recommended that all principal investigators indicate their contributions to their papers in this way.

The paper by Suh, Simon, et al. demonstrated that shocked flies emitted carbon dioxide (CO2) along with another substance that we called “Drosophila stress odorant" (dSO), which caused other flies to flee. With help from Leslie Vosshall at Rockefeller (another former Axel lab postdoc), we showed that the CO2 receptor neurons she had identified recently were necessary for that fear-like avoidance response and that those neurons were themselves activated by dSO collected from freaked-out flies. It was one of the early studies to use genetic tools to conduct a mini-screen for Gal4 drivers based on behavioral assay and 2-photon calcium imaging to identify a circuit mediating an innate behavior in flies. A month after the paper was published, Axel and Buck shared the 2004 Nobel Prize for their discovery of odorant receptors.

Three years later, Seymour passed away at the age of 86. I cowrote his obituary for Nature with Sydney Brenner. I feel extremely fortunate, not only to have known Seymour personally but also to have been able to work closely with him on a collaborative research project. It wasn’t easy (Seymour could be a difficult and quirky person), but I learned as much about the man as I did about his science. As Jonathan Weiner’s biography Time, Love, Memory shows so beautifully, Seymour was a true original: a scientific pioneer and iconoclast who could see to the heart of any scientific problem and think of a creative way to solve it. I am grateful to have had the chance to see such a great mind at work up close and personal—even if, at times, he drove me crazy.

In the winter of 2006, I took a sabbatical with Martin Heisenberg (whom I had met on his sabbatical at Caltech) to learn how to work with fruit flies and study their behavior. Martin was then director of the Biozentrum at the University of Wuerzburg in Germany. He gave me an empty lab bench in the basement, and graciously made all the facilities of the institute available to me, including the expertise of the brilliant mechanical engineer Hans Kadershabek, who could cut plexiglass with millimeter precision and who made me a variety of gadgets I designed for experiments to test whether flies have an internal defensive state analogous to “fear.” (In the modern era of CAD files and computer controlled milling machines, this kind of expertise has sadly become a lost art.)

I had a wonderful time: It reinvigorated me intellectually, I fell in love with fruit flies, and I discovered that I actually had a talent for improvising prototype behavioral setups using discarded pieces of Styrofoam and cardboard boxes that littered my abandoned lab. (That may have been the only gene I inherited from my father.) However, try as I might, I could not convince myself that the innate escape responses to various aversive stimuli exhibited by my flies were anything more than glorified reflexes. For every behavior I observed that superficially resembled an “emotional” response (such as hiding under a barrier from an overhead threat stimulus), it was difficult to design experiments to rigorously exclude the alternative hypothesis that it was a sophisticated but robotic response (which I called the Dickinsonian hypothesis).

About the only thing I accomplished in Wuerzburg of any value was to perform the first successful optogenetic behavioral experiment in an adult fly. One day Georg Nagel, who had cloned the gene encoding Channelrhodopsin-2 (ChR2) together with Peter Hegemann, was visiting the Biozentrum to see whether expressing ChR2 in fly larval motor neurons would cause time-locked responses to blue light (which it did). I got the idea to express it in the CO2-sensitive Gr21a OSNs that Leslie Vosshall had recently identified [44] (which we had shown in the 2004 paper with Axel and Benzer were necessary for CO2 avoidance) and to see if it could confer behavioral avoidance of blue light (which flies are normally attracted to). Because Nagel was a generous person (he had shared his cloned ChR2 gene with Karl Deisseroth but has received little credit for optogenetics), I asked him for permission to try the experiment—and it worked!

Eventually, we published that result in 2007 [45], a paper quickly forgotten because very few people could get ChR2 to work reliably in the adult fly CNS because of the inefficient cuticular penetration of blue light. (We were lucky to have chosen an olfactory neuron to test optogenetics in adult flies, because the cells are located directly under the antennal cuticle, allowing adequate blue light penetration.) It wasn’t until 2013–2014, when independently Ed Boyden’s and my lab (in collaboration with the late Roger Tsien) demonstrated that red-shifted opsins, such as ReaChR and Chrimson, could be used for deep-brain optogenetic stimulation in adult flies [46, 47], that optogenetics in Drosophila finally took off—almost a decade after its use in mammalian neurons was first demonstrated by Boyden and Deisseroth [48].




From Fear to Fighting

I returned to Caltech from Wuerzburg in 2006 determined to see if I could rigorously demonstrate the existence of a fear-like state in Drosophila. Although I eventually provided evidence of a persistent, scalable, and negatively valenced internal defensive state in flies [49], I became increasingly disenchanted with using fear as a model system to study analogous emotional states in flies and mice, for two reasons. First, the standard behavior used to measure fear in mice was freezing, and at the time, there was little to no rigorous evidence of freezing in flies evoked by threatening stimuli (although we eventually identified it in Gibson et al). Second, our studies of conditioned fear in mice targeting central amygdala PKC-δ+ neurons [50] had failed to yield clear and robust behavioral responses to optogenetic stimulation, perhaps reflecting complex reciprocal inhibitory circuitry between these and other CeA GABAergic subpopulations.

During my sabbatical in Martin Heisenberg’s lab, a student (Suse Hoyer) was working on aggression in flies, the study of which had been reinvigorated by Ed Kravitz (see volume 4) at Harvard in 2002. It was obvious to even a lay observer like me that flies, with their robust lunging, tussling, and boxing behavior, were engaging in aggression. Thus studying aggression bypassed the challenge of convincing people that flies had a fear-like state, when they didn’t exhibit freezing like mice. Clearly, they exhibited aggressive behavior analogous to that performed by mice. So, in 2006, I decided to start winding down our work on fear and started to build a platform to study aggression circuitry in flies and in mice.

What did we want to understand about aggression, and why did we want to try to study it in two different organisms separated by 500 million years of evolution? Wasn’t doing it on one critter plenty enough work by itself? A simple answer would be “yes!” But further consideration (as usually happens when I overthink things) might provide some justification for this seemingly suicidal strategy.

The first challenge was to convince people that the problem of aggression hadn’t already been solved. In 1943, the Swiss neurophysiologist Walter Rudolph Hess (not related to the other Rudolph Hess, who was unfortunately running an infamous concentration camp in Poland at the time) won the Nobel Prize for his experiments showing that electrically stimulating the medial hypothalamus in cats could transform a placid, purring pussy into a ferocious feline: spitting, hissing, teeth bared, tail puffed, back arched, and ears laid back, as if another cat or a dog had foolishly wandered into its backyard territory. He called this response Der affecktiven Abwehr reaktion (the “defensive rage” reaction) [51]. Stimulation of other nearby sites evoked different reactions, such as predatory aggression (hunting behavior). Hess’s seminal experiment showed that an emotional (or “affective”) state (as identified by its behavioral expression) could be evoked by electrical stimulation of a specific region of the brain. Therefore, the neural control of emotion states was not diffusely distributed over the entire brain, as commonly thought; rather, it was localized in specific brain regions and therefore under regional control like other brain functions.

So, problem solved, Nobel awarded, case closed. What’s left to do? (Indeed, after a conversation in which I was describing our aggression results to Axel, he quipped, “Walter Hess says ‘Keep up the good work!’ ” How’s that for encouragement from a former mentor?).

Like any great experiment, Hess’s results raised more questions than they answered. Were there really neurons in the brain that were dedicated to the control of aggression? If not, what other behaviors did they control? Were these neurons required for normal aggression, or was Hess’s spectacular finding an artifact of strong electrical stimulation? (Efforts to answer that question during Hess’s time using lesions had led to mixed results, generating controversy in the field). What did these neurons encode: a premotor program for defensive aggression, or some kind of internal emotion state akin to anger? What controlled these neurons and kept this potentially lethal behavior under wraps, until its expression was essential for survival?

To answer those and other questions, it was first necessary to identify the actual neurons responsible for brain-stimulated aggression. Having trained as a biochemist and molecular biologist, this was an obvious prerequisite to me—like having to purify an enzyme before you could properly study its function. (Apparently, however, it was not so obvious to some neuroscientists, like the reviewers who tried to reject our paper demonstrating optogenetic activation of aggression in mice on the grounds that we were just confirming Hess’s results with fancy modern tools.) To do this, it made sense to pursue the problem in both mice and flies because they afforded different and complementary experimental strategies. Because mice had the same basic brain anatomy as cats, rats, hamsters, and other vertebrate species in which brain-stimulated aggression had been demonstrated over the years, we could exploit that knowledge (or “priors,” as my Bayesian-minded friends like to call it) and apply it to the only mammalian organism in which genetically based approaches could be used to identify and functionally manipulate different neuronal cell types. By contrast in flies, where few if any such priors were available, we could take an unbiased, assumption-free brain-wide cell type–specific activation approach (analogous to a Benzerian forward genetic screen) to identify the specific neuron that controlled this behavior—an approach that was impossible to apply in mice. Finally, and perhaps most important, pursuing the problem in two model organisms would (hopefully) allow us to identify potential evolutionarily conserved components of the aggression program, thereby distilling core features of its neural implementation from the baroque particulars of its circuitry in each species.




The Flies Have It

At a meeting in Beijing in the mid-2000s, I was approached by a young student named Liming Wang, who had taken an overnight train from Shanghai (an eight-hour ride) just to hear my presentation. He had done some undergraduate research on fly aggression, and immediately impressed me as bright, curious, and ambitious, so much so that I invited him to join the exclusive “speakers-only” lunch and spent the entire time talking with him (to the evident annoyance of my not-so-egalitarian-after-all Communist hosts). I offered him a job in my lab as a research assistant on the spot. A few months later, he arrived in Pasadena with little more than a change of clothes in his suitcase and proceeded to set up fly fighting in my lab. A year later, he applied and was accepted to the Biology Option at Caltech and continued as my graduate student. He published four major papers from my lab on fly aggression, including a cover article in Nature identifying the first aggression-promoting pheromone in Drosophila [52], and eventually graduated with the Ferguson Prize for best doctoral thesis in biology. He was among the best doctoral students I have mentored in 40 years at Caltech—and I have been fortunate to have had many.

To realize my dream of a high-throughput behavioral screen in Drosophila, it was essential to develop a method for automated measurement of aggression in flies. It would simply not be feasible to screen thousands of pairs of flies for what might be subtle changes in aggressiveness by manually scoring video recordings; the project would take years and require dozens of annotators. At that time (ca. 2007) the use of computer vision to measure objectively animal behavior was in its infancy, although Martin Heisenberg had taken important steps toward this goal [53]. To improve on this seminal work, I reached out to Pietro Perona, an avuncular, cultured, and patrician Caltech professor of electrical engineering from Northern Italy specializing in computer vision, and convinced him to give the project a shot with the help of a German postdoc I had recruited with a fellowship from the Alexander von Humboldt Foundation (i.e., was free for Pietro who ran his lab on a shoestring budget). Collaborating with Pietro could be frustrating at times (while brilliant, he had a laissez-faire approach to competitive science and a European work ethic, taking two months off every summer to hang out with his numerous cousins on the Adriatic coast). Despite this difference in scientific styles, we published our first paper together in 2008 [54] and have been collaborators and close friends ever since, bantering and bickering with each other like an old married couple.

In 2009, Pietro and I published a paper in Nature Methods describing an automated classifier for tracking and measuring aggressive behavior and courtship song in Drosophila [55]. Using this classifier, Eric Hoopfer, a postdoc in my lab, screened almost 3,000 lines of transgenic flies generated and maintained by Gerry Rubin at Janelia Farm. Each line expressed the yeast transcriptional activator Gal4 in a different, randomly marked subset of neurons, which we conditionally activated using dTrpA1, a temperature-sensitive cation channel (red light–based optogenetics had not yet been introduced in flies). For each line, Eric tested a dozen fly pairs to see whether activating the channel at 27 degrees Celsius could evoke fighting in otherwise passive flies made nonaggressive by group housing. It was the first “gain-of-function” cellular screen of its kind.

The next step was to pick one or two cellular “hits” and focus on them in detail to understand how they controlled aggression—analogous to “working up” hits in a genetic screen. In retrospect, we (I) could (and should) have made life easier for ourselves (i.e., Eric) by focusing initially on the line that showed the most robust and aggression-specific phenotype. However, given my inherent inclination to over-complexify things (indeed Mel Simon, a former chair of the Caltech Biology Division, once asked me whether I had Hungarian ancestry given that Hungarians apparently have a reputation for such complexification), I pushed Eric to focus on one line that exhibited an interesting and surprising phenotype: activation of these neurons not only enhanced fighting but also enhanced male-male courtship! This was bizarre because ordinarily aggression and mating are considered as opponent, mutually antagonistic behaviors. But I was motivated to focus on these cells because we had recently obtained apparently analogous results in our studies of mouse aggression neurons in the hypothalamus (see the section “The Mouse That Roared”), and I was eager to find homologous or analogous circuitry for aggression in the two species.

Remarkably, these seemingly dual fighting/mating neurons turned out to be members of a small, male-specific cluster of cells called “P1,” which Barry Dickson had independently identified in 2011 using an unbiased neuronal silencing screen for neurons controlling male courtship [56]. In the end, we found that P1 neurons control a persistent internal state of social arousal common to both aggression and courtship [46, 57]. This was very gratifying because our initial hope had been to identify not simply neurons that controlled various aggressive motor actions, but rather internal states underlying this behavior. P1 neurons have since attracted intense interest and have become one of the most intensively studied cells in the field of Drosophila social behavior circuitry, for example, in beautiful work by (former Axel lab postdoc) Vanessa Ruta at Rockefeller [58]. Ruta’s work on P1 neurons has now far outpaced our own. I console myself that imitation is the sincerest form of flattery.




The Mouse That Roared

In 2009, I recruited a postdoctoral fellow to my group named Dayu Lin, who had trained with the late Lawrence Katz at Duke and had a background in electrophysiology, to begin our studies of aggression in mice. Her first step was to repeat Hess’s basic experiment in mice, that is, to electrically stimulate the ventromedial hypothalamus (VMH) and evoke attack. This seemed straightforward because similar experiments had been reported in rats, guinea pigs, and hamsters. Frustratingly, however, Dayu was not able to evoke attack, despite close to 50 attempts. Instead of attacking during the electrical stimulation, the mice became apparently fearful and froze or tried to jump out of their cage. Eventually we realized why, in the 80 years since Hess’s Nobel-winning paper, there had been no published report demonstrating brain-stimulated aggression in mice: It’s because the experiment doesn’t work in that species.

Now we were really stuck. We wanted to study aggression using sophisticated new tools like optogenetics to identify the precise neurons involved, but those genetic tools could only be applied easily in mice—and Hess’s experiment didn’t seem to work in mice! What to do? Keep on trying and hope eventually to hit the right spot? Spend years redeveloping from scratch all the tools for genetic manipulation of mice in rats, where Hess’s experiment works well? Or quit and study a behavior that it is easier to get mice to do, like eating cheese?

Although Dayu was stimulating the ventrolateral subdivision of VMH (VMHvl), where c-fos-expressing cells were abundant following aggression, the fact that electrical stimulation evoked what appeared to be intense fear suggested to me that perhaps the current was spreading into the dorso-medial region of VMH (VMHdm), where cells controlling innate fear were thought to be located. And perhaps fear trumped aggression when artificially evoked (our later experiments showed this conjecture to be correct). Maybe this was a special problem in mice but not in rats because VMH was much larger in the latter species, so injected current couldn’t spread as far into VMHdm as it could in mice.

At the time, Karl Deisseroth had recently shown that optogenetic stimulation in vivo could be achieved by injecting an AAV vector encoding ChR2 into the brain and delivering blue light to the injected region using an implanted fiber-optic cable. I reasoned that perhaps optogenetics could solve our problem, because the ChR2-expressing virus particle was huge in comparison to electrons, and therefore was much less likely to spread by diffusion from VMHvl into VMHdm.

Although we had no experience with optogenetics at the time, I was excited and enthusiastic about trying the experiment and offered to send Dayu up to Stanford to learn the technique from Karl. Dayu, however, thought it would be a waste of time. To her, optogenetics was just a different way to inject electrical current into neurons. Because she had already shown that approach didn’t work, there was no reason to think optogenetics would work any better. Why should she spend months learning to master a new and untested technique when the results wouldn’t be any different from what she’d already obtained?

I begged and pleaded with Dayu, but she was stubborn and I couldn’t convince her. In a last-ditch effort I tried one final argument, as we were walking together across the Caltech campus to have lunch at the Athenaeum, the venerable Spanish colonial-style faculty club where Einstein always stayed when he visited. “Dayu,” I said, “if you don’t try this experiment, and in another six months you pick up a copy of Nature and see a paper from another lab on optogenetic induction of aggression in mice, you will never forgive yourself.” She paused, thought about it, and reluctantly agreed to try the experiment.

A couple of months later, in one of those moments that gets burned into your brain forever, I was sitting in my office when Dayu suddenly poked her head in the door, her eyes shining with excitement and a huge smile on her face. “It worked!” she said. “N equals one—but it worked!” In the grainy video she showed me on her laptop, a mouse with a flexible fiber optic cable sticking out of its head tentatively approached a female mouse that had just been introduced into the cage. It sniffed, attempted to mount her, and then walked away. The next time the mouse approached the female, Dayu fired a blue laser, sending 20 short pulses of light per second cascading down the fiber optic cable to illuminate the ChR2-expressing neurons in VMHvl. Amazingly, instead of attempting to mount the female, after a few sniffs the male mouse lunged at her neck and nipped at her, as if she were a male intruder. After a brief tussle, Dayu switched off the laser. The attacking mouse nipped at the female a couple of more times, then stopped and walked away from her. The next time the mouse approached, with the laser off, it interacted with the female normally. And then, with the laser switched on, it attacked again, until the laser was turned off. We had literally triggered attack with the flip of a switch.

N equals one: Out of the nine mice in which Dayu initially tried the experiment, only one exhibited aggression when the light was switched on. But that one mouse was enough to show us that there must be aggression-promoting neurons in that tiny region of the brain after all. And in a moment, it changed everything. Eventually Dayu was able to refine her injection coordinates to be able to evoke aggression reproducibly in multiple mice. In 2011, we reported the result in an article in Nature [59] together with evidence that silencing cells in VMHvl inhibited aggression, using an early implementation of chemogenetics based on expression of a Ivermectin-activated chloride channel developed by my colleague Henry Lester at Caltech [60]. We may only have succeeded in repeating the Hess experiment with fancier tools, as one of our negative reviewers had snidely argued. But we had introduced optogenetics into the study of social behavior for the very first time, and more generally had established the mouse as a system in which genetically based tools could be used to probe neural circuits underlying social behaviors. This is now a large and thriving field led by my scientific children and grandchildren.

Like my first paper on the in vitro synthesis of the AChR, the 2011 Nature paper was perhaps more significant for what it portended about the study of social behavior than for any specific finding or conceptual advance that it contained. But it opened a new field of research, and from that perspective, it feels like one of the most important papers I have ever published. The problem was that we had no marker for these aggression-promoting cells at the time, hampering further progress. Eventually, in 2014, we were able to genetically identify the VMHvl neurons sufficient to promote aggression, by making transgenic mice that restricted ChR2 to type-1 estrogen receptor–expressing neurons [61]. Although my former doctoral student Nirao Shah at UCSF (also an ex-Axel postdoc) partially scooped us by reporting in 2013 that genetic ablation of progesterone receptor–expressing VMHvl neurons (which overlapped Esr1+ cells) inhibited aggression [62], it fell short of our goal of identifying the neurons that mediated brain-stimulated aggression (BSA)—the phenomenon discovered by Hess almost a century earlier [63]. (Although Nirao’s data showed that VMHvlPR neurons were necessary for attack, they did not exclude a purely permissive function for the cells, analogous to gas in a car. For example, the mouse’s nose is also necessary for aggression, but that doesn’t mean that stimulating the nose should necessarily elicit attack.) Nevertheless, the episode still felt a bit like scientific “patricide,” as Günter used to call it.

In the end, did we discover any interesting homologies or analogies between flies and mice in the neural control of social behavior? As described earlier, our unbiased screen for aggression-promoting neurons in flies identified cells (P1 neurons) able to promote both mating and fighting [57]. Similarly, we found, surprisingly, that optogenetic activation of VMHvlEsr1 neurons could promote either mounting or fighting in mice, depending on the stimulation intensity [61]. At first, I thought this might reflect an evolutionarily conserved circuit motif for multiplexed neuronal control of sex and violence [64]. Later, however, we discovered that the male-directed mounting promoted by weak VMHvlEsr1 activation was a low-intensity form of aggression (i.e., dominance mounting), rather than sexual behavior [65]. This seemed to throw cold water on the idea that the same cells control mating and fighting in both species. Later experiments, however, confirmed that VMHvlEsr1 neurons as a population indeed play a role in male-female mating [62] as well as in aggression, but that the individual cells controlling these behaviors are largely distinct [66–68]. Similarly, recent evidence suggests that distinct subtypes of P1 neurons promote courtship vs. aggression in flies [69, 70], a possibility we had previously acknowledged [64]. Together, these data suggest that P1 neurons in flies and VMHvlEsr1 neurons in mice play roles in both mating and aggression not because the same individual neurons control both behaviors, but because within the same tiny region of the brain, distinct subsets of molecularly similar but anatomically neighboring cells control these social behaviors. Whatever the granularity of the explanation, the fact remains that the neurons controlling sex and violence are inextricably intertwined in the brain, a finding with potential implications for psychiatry [71].






Coda: Toward a Systems Neuroscience of the Hypothalamus

I don’t want to leave you with the impression that the control of aggression can be reduced to a handful of cells in a single nucleus of the hypothalamus. Indeed, recent studies by my former postdoc Dayu Lin and others have identified a meso-scale network of interconnected hypothalamic nuclei (and other subcortical structures) that promote or inhibit aggression, at least in part through their influences on VMHvl [72]. In addition, recent work led by my postdoc Ann Kennedy and student Adi Nair has revealed that even within VMHvl, internal states of aggressiveness may be encoded not simply by the activation of a specific neuronal subtype but rather by population-level neural dynamics that produce emergent properties such as line attractors [73] (or “leaky” integrators) [74]. Importantly, these dynamics are not a consequence of aggressive behavior, because they can be observed in head-fixed animals passively observing two other mice fighting [75], among cells that have been suggested to “mirror” aggression [76]. These data suggest that such attractor or integrator dynamics may compute a variable(s) encoding the intensity or duration of an aggressive internal state [74]. We have also observed similar population dynamics underlying female mating receptivity [77]. These and other data [78, 79] suggest that such mechanisms may be used to encode multiple types of internal states [80]. “Manifold-level” mechanisms [81] have been well-established in cognitive neuroscience [82–85], but the idea that they may also play a role in representing homeostatic or affective internal states is new. The implementation, readout, and causal role of these mechanisms remain to be established.

Clearly, there is much to be done to understand how internal affective states such as aggressiveness are implemented across different physical and temporal scales in the brain and the body. Eventually, I hope we will be able to understand what is really going on in someone’s mind when they become angry, enraged, or furious. Such an understanding might someday help to reduce the chronic violence that afflicts our society [86].




Concluding Thoughts

People often ask me why I’ve changed fields so many times. It’s true: Over the past 50 years or so, I’ve worked in cell biology (membrane protein biogenesis), molecular biology (transcriptional control of gene expression), developmental biology (neural crest stem and progenitor cells), sensory neuroscience (cutaneous polymodal nociceptors and gentle stroke-sensing mechanoreceptors), and behavioral neuroscience (neural circuits controlling affective states), with a major digression into angiogenesis (the accidental discovery that arteries and veins are genetically distinct before the heart starts to beat; awkwardly my most highly cited paper). I’ve worked on rats, mice, fruit flies, and even jellyfish [87]. As the late David Baltimore somewhat sardonically remarked: “I don’t think there’s an area of biology that you haven’t touched.”

The answer to this question has many levels. First and foremost, I enjoy the excitement of opening up a new field. The feeling that you are doing something that nobody else is crazy enough to try (like imaging neural activity in baby jellyfish) is both exhilarating and liberating. Second, once the initial excitement dissipates, I find it hard to maintain the level of inspiration and creativity necessary to identify the most conceptually important and tractable next experiments, and my science becomes more incremental and pedestrian. Third, I dislike working in highly competitive fields, so once the next experiments become too obvious, I feel it’s time for me to move on and leave the field to other investigators who are more organized and efficient. Although I’ve tried to maintain a focus on aggression circuitry for close to 20 years, now even that once-obscure field has also become too competitive (thanks in large part to the beautiful work of my more capable scientific progeny) and I’m moving on to computational neuroscience [74]. The learning curve has been steep, but that’s the fun part.

Individual papers notwithstanding, I feel that my most impactful contribution to neuroscience has been to help convince the late billionaire philanthropist Paul Allen in 2002 to focus his new brain institute on generating a publicly accessible, comprehensive atlas of gene expression in the mouse brain, as its inaugural project [88]. The resulting Allen Brain Atlas [89] was (and continues to be) a useful resource for many neuroscientists and has spawned a whole series of high-quality atlases generated by the Allen Institute of Brain Science (AIBS) at different scales (e.g., axonal projections, cell types, enhancers) and in human as well as mouse brains, under the capable leadership of first Allan Jones and Christof Koch and now Hongkui Zeng, Ed Lein, and President Rui Costa. It’s not something I could ever have accomplished myself, but the completion of the first searchable in situ hybridization atlas of all the genes expressed in the murine brain gave me the immense satisfaction of watching a whole team of talented scientists and engineers turn a vision I had into a reality.

I’ve always enjoyed science as a social activity and owe a great debt of gratitude to my many colleagues, friends, and mentors over the years, including Ralph Adolphs, Richard Axel, David Baltimore, Günter Blobel, Cori Bargmann, Seymour Benzer, Norman Davidson, Gerry Fischbach (see volume 9), Ed Furshpan, Ulrike Heberlein, Martin Heisenberg, Eric Kandel, Ed Kravitz, Menno Kruk, Story Landis, Scott Linderman, Paul Patterson, Pietro Perona, Martin Raff, Gerry Rubin, Josh Sanes (see volume 12), Mark Schnitzer, Mel Simon, Charles Stevens, Doris Tsao, Irving Weissman, Barbara Wold, Hongkui Zeng, Kai Zinn, and Larry Zipursky. They have provided much-needed wisdom, help, and advice as well as the joy of intellectual stimulation and interaction.

Last, but definitely not least, I’d like to thank all of the students and postdocs who have contributed to the work in my lab, many of whom have gone on to their own illustrious careers. Richard Axel once said to me: “You’re only as good as your last paper.” Likewise, I’m only as good as the best person in my lab at any given time. Fortunately, over the past 40 years, I’ve been lucky enough to surround myself with people smarter and more capable than myself as I sought the road less traveled. And that, as Robert Frost said, has made all the difference.
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Jack L. Feldman is a neuroscientist whose work redefined the neural basis of mammalian breathing. His research led to the discovery and naming of the preBötzinger Complex (preBötC), a small, anatomically defined region of the ventrolateral medulla that generates inspiratory rhythm. This discovery established that respiratory rhythm arises from a compact neural kernel rather than from a broadly distributed network, defining a unifying framework for the control of breathing in which a core circuit generates rhythm and recruits additional oscillatory and modulatory sites to shape breathing across behavioral and physiological states. Feldman and collaborators further showed that distinct microcircuits generate specific respiratory behaviors, including sighs, and that individual breaths likely arise from small amplitude burstlets emerging from transiently synchronized activity within the preBötC. Collectively, these findings established breathing as a mechanistically defined neuromotor process and articulated a general organizing principle by which small neural kernels generate, modulate, and sustain vital behaviors.




 

Jack L. Feldman

My path in life has been a mix of thoughtful planning, happenstance, and serendipity, including my fortunate timing of birth as a baby boomer.


Early Life

I was born in 1948 at Maimonides Hospital in Brooklyn, the first child of first-generation Americans. My grandparents on both sides had fled Eastern Europe in the early twentieth century, arriving at Ellis Island with little and settling in Brooklyn among other Jewish immigrants. Both grandfathers worked in the garment district, and both grandmothers ran households that anchored extended family life.

My father, Norman, the middle of three brothers, left college during the Depression and joined the New York City Fire Department, where he rose to the rank of captain. Though eligible for further promotion, he preferred the captain’s work and later retired on a modest pension, continuing to work into his late sixties as a margin clerk on Wall Street. My mother, Frances, had a remarkable talent for sales and personal connections. She sold encyclopedias and cosmetics, and later worked as a personal shopper, bringing clothing directly to her customers’ homes. From her, I learned how to communicate and negotiate, skills that proved unexpectedly valuable in science as well as in life. My parents eventually moved to South Florida.

To dig a bit deeper into my biological heritage, I sent a swab to 23andMe. Besides markers indicating 99.7 percent Ashkenazi Jewish heritage, my analysis revealed genetic markers shared by a large fraction of people of Asian descent, often attributed, somewhat whimsically, to Genghis Khan, a reminder that ancestry, like biology, is best interpreted cautiously.

I am the oldest of four brothers. We first lived on Brighton 5th Street, a block from the beach and a block from the elevated subway, in a small apartment surrounded by extended family. When I was in sixth grade, we moved to Fillmore Gardens, a modest neighborhood of attached apartments with ample open space and an abundance of boys my age. Most afternoons were spent outdoors in self-organized games: baseball, touch football, roller hockey, basketball, and a broad range of sports endemic to Brooklyn, New York: box ball, stickball, handball of various sorts, skelzie, stoop ball, and several others. There were no parents to be seen (except in Little League baseball); we were self-governing. While we might disagree on whether something was fair or foul, cheating usually resulted in being ostracized or facing the harsh consequences of tough play. Not quite the Lord of the Flies, but we certainly learned to work and play together as peers. And no one ever got a trophy. This certainly catalyzed my innate competitiveness and my understanding of the value of teamwork.




Elementary and Junior High School

Elementary school was not memorable. At some point, my classmates and I were tracked. The “smartest” of us, as assessed by some testing voodoo, were placed in SP (Special Progress) at Marine Park Junior High School 278, which compressed grades seven to nine into two years, sending us on to James Madison High School as somewhat young sophomores. My SP class had around 30 kids. Surprisingly, although we might have been academic nerds, we developed a collective social life with parties most weekends. These parties were mostly prim and proper, with awkwardness exacerbated by the different timetables we each had for entering adolescence.




James Madison High School

I received a good education at Madison, where my classmates were mostly second-generation middle-class Jewish kids, many driven by their parents’ desire for them to become professionals, which meant doctors or lawyers. My parents, particularly my mother, indeed felt that the only reasonable career paths were to become a doctor or a lawyer. Unfortunately for her, I was too curious about how the world worked, and I had no interest in the workaday life of a physician, nor in that of a lawyer. I did not realize I wanted to be a scientist; its appeal was invisible to me, except that it seemed to exist in a different space than doctors or lawyers. My brothers followed that path, though, with Bill and Marc becoming successful attorneys and Ted becoming a highly respected cardiologist. To my chagrin, whenever I was with my brothers in the presence of strangers, my mother would always refer to Ted as the “real” doctor in the family.

Madison High School had the secret sauce for amplifying the ability of some of its best students. Madison is among the top high schools worldwide in Nobel Laureates (second only to Bronx Science in the United States). Alumni also include three US Senators (Schumer, NY; Sanders, VT; Coleman, MN), the renowned Supreme Court Justice Ruth Bader Ginsburg, and, to be ecumenical, comedians Andrew Dice Clay and Chris Rock, and singer–songwriter Carole King. Alas, none of them coincided with my years at Madison.

The secret sauce escaped me. I did okay in high school but had no ambition to pursue high grades, mainly earning lazy As and B+s. With my grades not being exceptional, SAT (formerly the Scholastic Aptitude and later Scholastic Assessment Test) scores that were not 99th percentile, and not being a standout catcher on the baseball team, I was not Ivy League material.




Polytechnic Institute of Brooklyn

I graduated from Madison at 16 (a convergence of my January birthdate and the SP program), driven by curiosity but with unformed ambition. I recognized that my talents and social skills beyond the street corner were limited; I did not write well, and I read very little. I was good at problem-solving, so I thought engineering was a good fit for me. I was particularly attracted to an experimental program at the Polytechnic Institute of Brooklyn (now the NYU Tandon School of Engineering), where a doctorate could be earned after only six years following high school. OK, I thought, I’ll get a doctorate at 22 in something or other, and then still be young enough to figure out what I wanted to do. At Poly, like high school, I did well enough in my first two years to get high marks but was not particularly stimulated by any subject. My disinterest was evident in my attitude toward the organic chemistry course, which I found so dull that I skipped most lectures. The professor made it very clear that if I did not ace the final exam, I would fail. I crammed for the final and did indeed ace it, much to the professor’s annoyance.

My friends and I realized that Poly, as a commuter school whose student body was mostly nerdy white males, was a heterosocial desert. So, we managed to form a branch of a national fraternity (Tau Epsilon Pi). About 20 friends joined, and we rented a townhouse, which led to a real social life. I was also active in student government, where I enjoyed interacting with my peers and debating with administrators on issues of concern to us. Long story short, I was elected president of the Student Council. I have little recollection of what I might have accomplished, but I realized that I had some talent for organization, but not much for genial sociability.

In my junior year, I took some advanced physics classes, and I suddenly became obsessed with trying to understand how the physical world worked. Classical mechanics was fun. I would often get lost (still do) in thinking about quantum mechanics and the origins of the universe. I tried to intuit such iconic ideas as the Pauli exclusion principle, black holes, hidden variables, and entanglement. I became deeply engrossed in thinking about special and general relativity, and I became hooked on trying to understand the nexus of space and time, as well as the connection between quantum mechanics and gravity. Suddenly, I wanted to become a cosmologist.




University of Chicago

As promised, I earned my bachelor of science in physics in three years, but I soon realized I needed to go elsewhere to study cosmology. I stayed at Poly for a fourth year, earning a master of science, and applied to a few schools renowned for their physics programs that were not on the East Coast; I needed the distance. At the top of my list were the University of Chicago, where the celebrated astrophysicist S. Chandrasekhar held forth, and the University of California, Berkeley, stacked with Nobelists who revolutionized experimental nuclear physics. I will digress about how I ended up in Chicago.

During my fourth year at Poly, now a first-year graduate student, the draft protocol was suddenly changed, as more soldiers were needed to support the war in Vietnam. I was on track to lose my graduate student deferment at the end of the academic year. I could only get an extension of my deferment if I convinced my draft board that my fourth year at Poly was actually my second year of graduate school. I made the case that, given the highly specialized six-year doctorate program at Poly, I was in the equivalent of my second year of graduate school and thus entitled to graduate student deferment. To be fair, I had taken several graduate courses in my junior year. By the time I met with my draft board, I had been accepted into the doctoral program in the Department of Physics at the University of Chicago. I argued that going there served the national interest, as I could not pursue my scientific goals at Poly. My draft board agreed. Just as the draft board formalized my deferment to attend the University of Chicago, I was accepted into the doctoral program in the Physics Department at UC Berkeley, then considered the premier department in the world. I did not have the chutzpah to go back to my draft board to make the case that going to Berkeley would be a better choice for me (particularly given my draft board’s view of the antiwar politics at Berkeley). Fortunately, the radical left politics of the University of Chicago that fueled protests at the Democratic Convention in Chicago in the summer of 1968 had yet to occur. Otherwise, I probably would not have been granted a deferment to go to Chicago either.

Having never been to Chicago, I flew there in March 1968 to check it out, arriving on a glorious day, bright and sunny, though not much different than the mild weather during the preceding weeks in New York. Everyone on campus was aglow, smiling. I had a great visit and thought the University of Chicago would be a happy place for me. Only later, I found that I had arrived on the first day of spring weather, and everyone was transiently joyous as they were suddenly leaving behind a bitterly cold winter. Alas, the scene repeated annually. So much for an underpowered, poorly controlled experiment.

Except for the challenging winters, I loved the University of Chicago (still do). Unlike other institutions I subsequently worked at, where students and particularly faculty tend to stay within their academic and social silos, University of Chicago students and faculty were free-ranging intellectually, highly focused on their interests but literate in an unusually broad range of subjects, academic and otherwise. Its atmosphere was foundational for my free-range approach to neuroscience. The late 1960s were an interesting time to be on a college campus, with its mix of antiwar politics (many of the Weathermen were fellow UC students), sex, drugs, and rock and roll. The University of Chicago had a robust marijuana and psychedelic subculture that catalyzed this mix.

For the summer after my first year (1969), I applied for a graduate student internship at the Lawrence Livermore National Laboratory (LLNL), run by the University of California. Although I knew that the LLNL was ground zero for the design of nuclear devices, I proposed working on phase transitions, a problem in classical physics. After applying, I was sitting on the quad at the University of Chicago with my girlfriend on a hot early spring day when I noticed, off in the distance, two guys in suits taking pictures of us. I mentioned this later to my departmental student counselor, who told me they were from the FBI and were asking about me, relevant to my getting security clearance to work at LLNL. I never considered that such a clearance was required. Much to my surprise, I was offered the internship. At orientation, I was given a badge boldly indicating that I had “top secret” clearance. I did not fit the LLNL mold, being the only one at the entire complex with a ponytail and scraggly beard, wearing jeans and shirts without pocket protectors. LLNL scientists and engineers would talk at lunch about megadeaths (decades before the metal band of similar name), sincerely, with straight faces. It was an enlightening summer. I was able to perform my physics calculations on the most advanced computers in the world (used otherwise to design nuclear bombs), have interesting conversations with bomb designers, and hang out in Berkeley.

I studied hard during my first year at the University of Chicago, knowing that I had to be at a high level to continue. The doctoral qualifying exam, quite famous, was a multiday test given to early second-year graduate students. The pass rate was less than 30 percent, and if one failed, there was only one additional attempt. If one were sufficiently brilliant, the test problems could be solved in a few lines, as exemplified by a book of solutions to such problems by Enrico Fermi, a renowned member of the Physics Department (1942–1954). One might think that Fermi’s solutions involved mystical jumps, but that was not the case. Typically, he would begin with a statement I could reasonably make, followed by a logical progression of two to three lines, all within my ability to reason to the answer. Alas, my problem-solving ability was messy; each problem typically required an entire blue book. I passed on my first try and felt that I had dodged a bullet.


Learning to Write a Scientific Paper

Writing well was not a goal of mine in college. My writing seemed acceptable, but no more. I had no idea how bad it was. My epiphany about writing came in my cosmology class taught by Chandrasekhar. While the opportunity to study with him was a key factor in my decision to go to graduate school at the University of Chicago, I knew little about him beyond his brilliance. In person, he was quite formal, particularly with his students, wearing the same outfit, an immaculate white shirt, a dark tie, and a dark suit to every lecture, and speaking with perfect Brahmin diction. His lectures were a marvel. In a nine-blackboard old-school lecture hall, he would write in a rectilinear, precise script, starting at the upper left of the top left board and, by the end of the lecture, making his way to the bottom right of the lowest right board. Many of his memorable scientific contributions to cosmology were transmitted in his books, which I read diligently. I found it remarkable that his text was exceptionally lean and sparkling, like a perfectly cut diamond. Not a word, equation, or even comma was out of place; every word was essential but no more. One day after class, I confessed to him that I was envious of his ability to write so well. To my surprise, he was offended, saying that whatever I might have admired about his writing was the result of sweat and grit (my terms, not his), not talent. “You think I just sit down and write the book as you read it? Far from that. I write a complete first draft of my book and then put it in my drawer, typically for six months. Then, starting at the beginning, I edit and rewrite the entire book. For every book, I have done this at least six times.” Of course, such an unhurried pace is virtually impossible now. It worked for him, however, as he was awarded the Nobel Prize in Physics in 1983.

His comments disabused me of the notion that if your ideas are good enough, scientific writing does not matter, as long as your papers get published and your grants are funded. Given the time constraints of our contemporary scientific pursuits, with three- to five-year grant cycles, if colleagues and, more important, grant and paper reviewers did not understand your ideas, or you made them work too hard to do so, you would be out of business before too long. Certainly, one great discovery may buy you scientific immortality, but it may not buy you funding if it takes a decade for your colleagues to get it. Like many endeavors, great writing requires sweat.




Becoming a Neuroscientist

Immersed in the intellectual ferment of the University of Chicago, I experimented with psychedelics, as did many of my classmates. During one such experience, I had a simple but lasting realization. Although I had been trained to think of space and time as physical entities, my perception of them was constructed by my brain. That insight redirected my curiosity from cosmology to neuroscience. Once the experience passed, I began reading voraciously (e.g., Wiener and McCulloch on computation; Hodgkin, Huxley, and Katz on electrophysiology), and it became clear to me that understanding how the brain generates internal representations was both a profound and tractable scientific problem. From that point on, I was committed to studying the nervous system.




Why Work on Breathing?

If I wanted to work on the brain, where would I start? I saw no way to study space and time directly from the brain’s perspective. I was enrolled in a physics department that had no faculty studying the nervous system. The most closely aligned with biology was my assigned adviser, Morrel Cohen. He was extending his landmark studies of cooperative phenomena in solid-state physics to slime molds, a problem of no interest to me. When I told him I wanted to work on the brain, he asked what I wanted to do. I said I wanted to understand, from first principles, how the brain interprets space and time. That goal was a nonstarter from Morrel’s point of view, as he saw it as unsolvable: “Follow in the physicist’s tradition and find a problem you could solve.” I then suggested determining how I recognize my grandmother, but that was vetoed. Veto after veto, as problems posed were deemed unsolvable. Then I hit on breathing.

I knew a lot about oscillators, and breathing was an oscillatory behavior generated by the brain. All behaviors involve the nervous system processing interoceptive and exteroceptive signals to produce outputs, as in breathing. One can precisely measure the relevant inputs (carbon dioxide [CO2], oxygen [O2], lung mechanics) and outputs (muscle contraction, lung movement, airflow, blood gases) and relevant variables, as well as ultimately determine, in principle, the position and properties of each relay in the brain, from sensory inputs to motor outputs. This was a significant advantage in investigating breathing compared with many other complex behaviors, which cannot be evaluated directly and are studied mainly through surrogate measures (e.g., fear-related freezing). Moreover, data on breathing can be readily obtained in any mammal, including humans. I concluded that breathing was the only problem involving mammalian nervous system function and behavior that I could undertake as a physics graduate student who wanted to do theory but not do experiments. With the typical physicist’s hubris, I thought I would solve this problem shortly, quickly moving on to much bigger (and sexier) problems. While I got that wrong, I did move the needle. My work established that mammalian breathing is generated by a small, anatomically defined neural kernel, the preBötzinger Complex (preBötC), whose intrinsic dynamics are necessary and sufficient to generate inspiratory rhythm and whose interactions with additional oscillatory and modulatory circuits give rise to the full flexibility of breathing across behavioral and physiological states.

When I first decided to work on the neural control of breathing, I had no prior knowledge of breathing beyond my personal experience as a breather. I had little interest in the physiology of breathing per se. Still, it was a solvable problem of brain function that could be foundational for understanding more complex behaviors, particularly those involving rhythms (e.g., walking, flying, chewing, and nystagmus). Indeed, my argument in choosing such a “simple” problem was to ask: “If I wanted to learn English, would I start with the books of Dr. Seuss, which have many of the elements of English or those of James Joyce, who used the same elements for something so complex as to be impenetrable to many native speakers?” Memory, learning, language, and cognition were, in my humble opinion, way too complex to study (and in Cohen’s view “unsolvable”). At the highest levels exhibited only in humans, doing critical experiments was technically and ethically out of bounds.

I had no ready contacts with neuroscientists at the University of Chicago, and I did not take the initiative to speak to them or seek a mentor. Given my goal of modeling the neural control of breathing, it was fortuitous that the University of Chicago had a Committee on Mathematical Biology, whose Chair was Jack Cowan, an accomplished mathematician who was having considerable success in modeling the visual system with Hugh Wilson. Jack was very welcoming to my proposal, though he readily admitted he knew nothing about the neurobiology or physiology of breathing. So, I took a self-directed path, reading the literature and textbooks on breathing (much of which treated the brain as a black box). To start my journey into neuroscience, I enrolled in the medical neuroanatomy course, which turned out to be a nightmare. My scientific cognitive processes were tuned to derive everything from the first principles, which were relatively few at my level in physics. I felt I could (ultimately) solve any problem in physics using Newton’s laws, Maxwell’s equations, the Schrodinger equation, and maybe a few others. This choice of fundamental physics may also have been a subconscious recognition that I lacked the extraordinary bandwidth needed to memorize the innumerable details foundational to many aspects of biology and medicine (although with the rapid emergence of artificial intelligence, that may no longer be the case). The neuroanatomy class seemed to have no first principles other than some generic homilies about development. What threw me was how readily the medical students memorized the names and locations of every nucleus and pathway, even when their proximity followed no functional scheme. I was impressed, however, by the intellectual challenge to identify the site of a lesion given a set of remarkably unrelated symptoms. At the time, solving such problems required a massive mental database. The challenge is now gone, as now you just need to get an MRI image without knowing anything about the underlying circuitry or behavior.

For my dissertation, I constructed a computational model of the neural control of breathing. I proposed a central pattern generator (CPG) in the brainstem capable of producing breathing rhythms without requiring sensory input. My model, based on coupled nonlinear oscillators, anticipated several later experimental findings. I was delighted when I published my thesis in three papers in Biological Cybernetics (Feldman, 1975a, 1975b, 1976).

Note as we go forward in my journey, the common thread through my career was not breathing per se, but the conviction, imported from physics, that neurobiological functions must have discoverable organizing principles. The preBötC and retrotrapezoid nucleus (see “Naming the preBötC; Finding a Second Oscillator” section) emerged from that conviction.






Woods Hole (Summer 1973)

As I was completing my doctorate in winter 1973, I wrote to several labs seeking a postdoctoral position as a computational neuroscientist (though that was not the term of art at the time). I was turned down everywhere I applied because each lab felt it was competent in the required mathematics to analyze, interpret, and model its data and did not need anyone specializing in modeling. I was shocked, having celebrated the work of Hodgkin (see volume 1), Huxley (see volume 4), Katz (see volume 1), Rall (see volume 5), and many others, where the power of modeling was obvious. Alas, this was not the case, at least not to anyone I was interested in working with. This was a great disappointment, but I was resilient and formed a new plan. I resolved to learn how to do experiments and test my model of breathing rhythmogenesis. Serendipitously, I found a welcoming lab in Paris, which also fulfilled my need for some time away from the United States, as the politics of the war in Vietnam deeply scarred me. Before I went to Paris, I needed to learn how to do experiments investigating the nervous system. I was fortunate to be accepted into the Physiology Course at the Marine Biological Laboratory (MBL) in Woods Hole.

A terrific course at the MBL made for a great summer. The class was an eclectic mix of senior neuroscience graduate students and postdocs, and me, the odd man out, whose knowledge of (neuro)biology was quite limited. Our instructors were incredible, brilliant, and, most important, dedicated and patient teachers. John Dowling, Rodolfo Llinás, Mike Bennett, George Pappas, and Victor Whitaker were remarkable in explaining basic biological principles unknown to a physicist, and in answering my unfiltered questions to help me understand them.

I relished the work schedule. Lectures in the morning, perhaps an ocean swim at lunch, followed by an afternoon and evening spent in the lab conducting enlightening experiments on various marine creatures, occasionally interrupted by a walk to the Cap’n Kidd for a beer or two before returning, often working past midnight. It was like summer camp for a budding neuroscientist, far from the incipient challenges of looking for a job, writing grants, and publishing papers.


Using Oneself as a Test Subject

Most of the experiments in the course were designed for training, such as how to record from a particular cell in an Aplysia ganglion. One section involved conducting experiments with synaptosomes from the squid optic lobe, which are fragments of presynaptic terminals reconstituted into tiny spheres that can be examined for various properties. We were given a cookbook of possible experiments, but we were also allowed to design our own. I jumped at the chance to test a hypothesis about the action of LSD (lysergic acid diethylamide). At the time, one idea about how LSD affected the brain was that it interacted with serotonin receptors. I proposed a two-stage experiment: (1) Determine if synaptosomes contain serotonin transporters, which would facilitate the recycling of released serotonin. (2) If there were a transporter, would LSD interfere with its function? Given approval and a modest budget, I bought radioactive-tagged serotonin and incubated it with fresh synaptosomes. Much to my delight, I observed significant radioactivity in the synaptosomes. Now I had a problem, because the second stage required high-purity LSD, and I had no idea where I could get any. While LSD could be had in the wilds of Woods Hole, I did not have the facility or the budget to determine its purity. One of my instructors suggested I speak to MBL Professor X. Serendipitously, Professor X had a bottle of pharmaceutical-grade LSD from Sandoz, a lineage of historical significance (Hofmann, 1980). He gave me the bottle, which contained enough LSD to intoxicate every sentient being within 10 miles, and cautioned me: “Weigh out what you need and make sure that there is no spillover. Never know if some idiot uses the balance after you, doesn’t wear gloves, and then picks their nose.” At this point, my experiment was a topic of discussion among our group. One of our distinguished faculty members inquired if there was any extra LSD. In a rare moment of misdirection, I stated I had only enough for my experiments.

Thus, provisioned with LSD, I repeated the initial experiment, first adding LSD to the bath, then radioactive serotonin. Much to my disappointment, LSD did not change serotonin uptake compared to the control. I went to Professor X, told him of my negative result, and asked how I could be sure that the bottle indeed contained unadulterated, unspoiled LSD. He said that the most expedient test was a biological assay, of which there were two. (1) The clam heart muscle was exceptionally sensitive to LSD and the preferred assay, but a bit tricky. (2) The human brain, which could detect ∼40 µg of LSD. In the tradition of self-experimentation for scientific validation, I volunteered for the human brain assay, although I was concerned about placebo effects. So, I recruited my girlfriend, who was LSD naïve. Our validation test was conducted one evening in the waters off MBL at the most fortuitous time, as the Noctiluca scintillans was blooming. When disturbed, these dinoflagellates bioluminesce bright blue, but we saw a rainbow of colors as we swam through the water, confirming the LSD was bioactive. So, the conclusion from my experiment was that LSD does not affect serotonergic uptake in synaptosomes from the optic lobe of squid. Since this was the first biological experiment of my design, I wanted it on the record, so I submitted an abstract to present orally at the end-of-course symposium. To prepare for the expected question, “What control did you use for the efficacy of LSD?,” I asked a friend to pose another question as soon as I responded to this question, if asked. One of my professors did ask. I replied, “We did a biological control.” Before he could ask a follow-up question, I called on my friend. Bullet dodged.






Paris (1973–1974)

With my newly acquired experimental armamentarium, I started my postdoctoral position at the Université de Paris VI, in a lab at Hôpital Saint-Antoine. This venture was a wise choice, as the journey was an intellectual, cultural, and personal awakening. My mentors, André Hugelin, Françoise Bertrand, and Jean-François Vibert, were physicians and physiologists who were relatively new to studying the nervous system. No other labs were working on similar projects nearby, so I was once again on my own. With my only lab experience being from the prior summer at the MBL, where I worked on squid, lobster, Aplysia, and octopus, I was unprepared to be thrown into a room, briefly shown how to perform experiments on cats, and then essentially left to do my proposed experiments.

Acute experiments were taxing, requiring several hours of experimental preparation to isolate and record activity from the phrenic nerve and stimulate the vagus nerve, and to expose the brainstem for recording single neurons, then recording for up to 24 hours. After some time, I found someone who knew something about how the brain might control breathing: Henry Gautier, a pulmonologist who had an excellent understanding of breathing pattern regulation. I managed to convince Henry to work with me, and we did a fascinating study of the interaction of the parabrachial nucleus and vagus nerve in modulating breathing pattern. I was elated that our experiment was successful and resulted in my first experimental publication in the Journal of Neurophysiology (Feldman and Gautier, 1976).

My decision to pursue a postdoctoral fellowship outside the United States was strongly driven by my desire to gain a broader perspective on the United States and the Vietnam War. I was highly motivated to absorb the Parisian culture, though I arrived with only a smattering of high school French. I took an immersive French language course during my first two months, which allowed me to order in restaurants and, when sufficiently courageous, to start a conversation with an attractive woman at a park, museum, bar, or café. To avoid falling into an American enclave, I found an apartment in a blue-collar neighborhood adjacent to the Bois de Vincennes, where no one spoke English, and no tourists were to be found. I had hoped to leave behind my long hair, beard, and jean-wearing University of Chicago days for a more civilized appearance. However, to my dismay, beyond cutting my hair and shaving my beard, my plan was stymied as I quickly discovered that affordable French clothes did not fit me. So, off to the flea market for jeans and comfortable shirts.

The lab staff were critical of many aspects of the United States, particularly during Watergate. I found myself in a debate team position, defending US culture and even Richard Nixon, not one of my favorite presidents.


Becoming a Foodie

Until I lived in Paris, my diet evolved modestly from the kosher cuisine I grew up with. One evening, Georges Perec, a colleague with an encyclopedic mind and a mischievous sensibility, persuaded me to join him at the three-star Michelin restaurant Le Taillevent. When he ordered liver, I protested; liver was, in my experience, peasant food I had never liked. He smiled, a twinkle in his eye, and told me to wait. When I tasted it, my brain exploded, which, as a newbie neuroscientist, took on a profoundly different meaning. The flavors, textures, and aromas bore no resemblance to anything I had known. That meal taught me something unexpected: that even familiar things can be transformed when approached with craft, rigor, and imagination. It was a small lesson, but one that stayed with me and quietly paralleled what I was learning in science that depth often lies hidden in what initially seems ordinary.

My brother Ted, then an undergraduate at Harvard, visited me in Paris but showed little interest in French culture; his restaurant of choice was McDonald’s. Determined to expose him to something different, and to satisfy my own appetite for a great meal, I secured a reservation at Paul Bocuse’s restaurant in Lyon. We were seated side by side, backs to the wall, facing the dining room. Once the food began to arrive, the world narrowed to our plates; our conversation rarely extended beyond expressions of astonished pleasure. Midway through the meal, someone appeared at our table. I looked up to see Bocuse himself. I felt like a child meeting Jackie Robinson, greeting him in my halting French and shaking his hand. Ted, meanwhile, remained focused on his plate, announcing, perhaps a bit too loudly, that the food was “f$$kin’ great.” Bocuse seemed amused by this unfiltered enthusiasm. Finally, Ted looked up and, in a voice more suited to a Brooklyn street corner than a Michelin-starred dining room, said, “Monsieur Bocuse, je viens de lire que vous aimez les milkshakes McDonald’s.” Bocuse smiled, winked, and replied, “Très fort.” Ted was delighted; he returned to Harvard with a story that, at last, made his fondness for McDonald’s an asset rather than a liability.

While in Paris, I became a serious bicyclist. On many weekends, I rode solo to destinations such as Chartres and Fontainebleau. In September, I took the train to Lyon and cycled south to Marseille, then east along the Mediterranean with occasional inland detours, continuing to Pisa and Florence. After a brief rest, I took the train north to Lausanne and then rode back to Paris. I averaged roughly 80 miles a day, without a fixed itinerary, starting early each morning and stopping wherever I felt the day ended. Two moments from that trip stand out. (1) Arriving in Monaco one morning, soaked in sweat after hours on the road, I asked a gendarme for directions to the casino. He replied that the best route for me was directly east out of Monaco and, at his insistence, he escorted me to the border. (2) After departing Florence, I arrived in Lausanne late at night without access to my bicycle. When I could not find an affordable hotel, I slept on a park bench by the lake and was gently awakened at dawn by a gendarme, who kindly advised me to move along. After a café crème and a croissant, I retrieved my bike and resumed the journey to Paris.

I returned from Paris having advanced my scientific goals and broadened my cultural horizons, with a more enlightened perspective on America. I was happy to return home. My lesson learned was that both science and adventure reward curiosity and resilience.






Albert Einstein College of Medicine (1975–1978)

After 18 months in Paris (including several months having fun in Henri Korn’s lab, poking neurons), Morton Cohen, a prominent figure in the neural control of breathing, offered me a postdoctoral position in the Physiology Department at the Albert Einstein College of Medicine, an ideal segue to home. Returning to the United States was quite positive, both professionally and personally.


Meeting My Wife, Courtney

My good friend and coauthor from Paris, Henry Gautier, visited me in New York shortly after I returned to the United States. He was urbane, a sophisticated Parisian, and I racked my brain trying to figure out something we could do in New York that he could not do in Paris. I eventually proposed the Laser Light Show at the Hayden Planetarium. We got there a bit early before the evening show and sat on the entrance stairs, chatting. Near us was an attractive woman dressed in the elegant casual style popular on the Upper West Side. She was by herself. I said hello, and we began to chat. We married before long, and we are still together, having raised three sons and enjoying our six grandkids (see figure 1), all of whom live close by. Serendipity!




Failure Leads to Discovery

Mort and I conducted a series of experiments to probe the role of the parabrachial nucleus and its interactions with pulmonary afferents, building on his longstanding research and my postdoctoral work on the effects of parabrachial nucleus lesions on breathing. What was novel about the experimental design was the use of a pump I developed in Paris. Under normal experimental conditions in anesthetized, paralyzed cats, inspiratory air flow controlled by the pump was cycled on and off by inspiratory phrenic nerve activity to maintain a regular pattern of rhythmic inspiratory lung inflation, even though the diaphragm was inert. We could then compare cycles with lung inflation (airflow on) to cycles without lung inflation (airflow off).

[image: image]

Fig. 1.    I am grateful and proud to be Courtney’s husband; Ion, Ilya, and Dylan’s father; and Felix, Jacob, Hugo, Ethan, Max, and GiGi’s grandfather. Their love, support, tolerance, and patience have been and are central to me. I cannot imagine being here otherwise. Going forward, I am working hard to be the best I can be for my family, friends, and colleagues, a goal and challenge I undertake with gratitude and humility.

Unfortunately, with the pump on, we were unable to detect any respiratory-modulated neural activity in the pons. This was quite unexpected, given Mort’s previous publications. We were bewildered. Then, suddenly, in one experiment while recording this nonrhythmic activity, our pump failed. While we were frantically fixing it, there was no lung inflation, and we heard over the loudspeaker the sudden onset of a sustained, rhythmic chant from a large population of pontine inspiratory neurons. Upon repairing the pump, we observed complete suppression of pontine respiratory-modulated activity during lung inflation. The activity immediately reverted to rhythmic activity when the lungs were not inflated. This result was totally unexpected and highly reproducible, a serendipitous finding, one of the great joys of science. We followed up on this study in a series of experiments, e.g., (Feldman, Cohen, and Wolotsky, 1976). Sadly, we still do not understand how this happens or why.

Within a few months, I was promoted to assistant professor. My intention was to explore whether there was a more straightforward, incisive method for studying breathing than in vivo in cats. Given the extraordinary success of studies using in vitro slices and chunks of brain and spinal cord from rodents, I thought that was the way to go. I visited a lab at Harvard where I learned to record activity in slices of the rat hippocampus, but that was not enough because I did not yet understand how to exploit in vitro techniques to study breathing. I kept these ideas on the back burner, and ultimately, they came to full fruition at Northwestern.




Out of the Blue, an Unsolicited Job Offer (1978)

My first public talk in the United States was an abstract of my postdoctoral work presented at the American Association for the Advancement of Science meeting in Washington, DC. This talk changed my career trajectory because, afterward, James (Jim) Houk approached me with an offer of a faculty position. Jim was about to move from Vernon Mountcastle’s (see volume 6) Physiology Department at Johns Hopkins to become the chair of physiology at Northwestern University Medical School. His vision was to build a physiology department staffed by faculty who investigated the neural control of various organ systems, and pulmonary physiology was among them. Before exchanging any paperwork, he invited me to visit Chicago. I was reluctant to return to Chicago as I had some bad memories: I was victim of a traumatic robbery in my Hyde Park apartment by four armed, strung-out junkies, as well as still mourning the murder of my karate instructor near his Hyde Park apartment. Nevertheless, I did visit. I liked what I saw. I resonated with Jim’s vision for his department, and I accepted what in retrospect was a modest offer, but one that was enough to start my lab. Soon, I was on my way back to Chicago.






Northwestern (1978–1986)

Married now, with a young son, Ion, my wife and I moved back to Chicago in the fall of 1978. We settled in Evanston, which offered a straightforward L commute to the medical school, a route I biked when the weather permitted. The winter weather was immediately challenging, as the first year we had more than 90 inches of snow, which given the constantly freezing temperature, never melted.


My Next Act: Building a Lab

I started writing grants and, much to my surprise, it went smoothly (thanks in no small part to following a modified Chandrasekhar protocol). I concurrently submitted applications for a traditional R01 and a Research Career Development Award, both of which were funded after flying through the study section on the first try. I successfully recruited two postdoctoral fellows, Dexter Speck from the University of Kentucky and Donald McCrimmon from the University of Wisconsin. We worked hard, often doing two 24+ hour experiments per week. Courtney was wonderfully tolerant of this schedule, though Ion for a while thought I had another family, particularly because I had a bed (really a convertible couch) in my office. Work-life balance was ever challenging, and somehow, with love and sweat, we managed.






Stockholm (1982–1983)

My obsession with finding a better way to study breathing, especially the potential for in vitro studies in chunks of brain containing intact circuits, kept getting stronger. I visited Rodolfo Llinás (see volume 5) at New York University to examine his perfused heart preparation but decided that, given the intact blood-brain barrier, his preparation would not provide the platform I sought; the control of the brain’s extracellular environment was problematic, and there were challenges with the osmolarity of the perfusate. Searching the literature, I concluded that the lamprey spinal cord preparation was optimal as a foundation for investigating rhythmic movements in mammalian slices. Sten Grillner (see volume 9), the leading expert in vertebrate motor control, was making remarkable progress with this preparation, unlocking the circuit for lamprey locomotion. Clearly, the Karolinska Institute was the place to be. Sten generously extended an invitation to take a sabbatical; he helped secure a fellowship from the Swedish Medical Research Council, which made it affordable. Courtney was up for the adventure, and Ion, now age four, was game. Like my adventure in Paris, Stockholm provided fresh snow to carve my own path.

The lamprey preparation was amazing, especially in the hands of Peter Wallén (Wallén et al., 1985), Sten’s senior associate, with whom I did experiments. It was astonishing that one could remove the spinal cord from an adult lamprey yet still find the coordinated rhythmic motor nerve output underlying swimming. Recording from individual neurons was like shooting fish in a barrel; filling them with fluorescent dye in real time and seeing the result in a fictively swimming lamprey was breathtaking (Note: English is filled with words and expressions inspired by breathing.) I was privileged that Tomas Hökfelt often came by to discuss experiments, particularly as related to his interests in neural chemotype.

Stockholm was wonderful. We lived in the Wenner-Gren Center, an international residence for families of foreign scientists; it was like living at the United Nations. Moreover, our Swedish hosts were most welcoming, and our interactions with them were incredibly warm and friendly. We took some time to adjust to the diet, which involved lots more fish than we were accustomed to, but it was all fresh and delicious. Buying wine took some discipline: One did not just pick up a bottle at any hour, and the ultimate sin was not stocking up in time for a weekend meal with guests. We were taken aback at Thanksgiving when a turkey we bought tasted quite unusual. We found out that it had been raised on fish meal! Moreover, experiencing the winter and summer solstices, along with the weeks before and after, was a permanent lesson that geography matters. Our second son, Ilya, was born at Danderyd Hospital, healthy but with one hitch: We had to modify his intended middle name (Björn to Bjorn) because the US passport application would not accept a name with an umlaut.

Communicating with Dexter and Don, who were working hard at Northwestern, proved challenging. This was before the Internet, and international phone calls were prohibitively expensive. We exchanged minitapes weekly by airmail, accompanied by whatever data could be packaged. Because it was a feedback loop with a long delay, we had to gather our thoughts for each package. We had to be disciplined in ways that are hard to imagine for anyone raised on current technology. With two trips to the United States, including one for SfN, it somehow worked.

I spent considerable time in Stockholm revising a major review about the control of breathing. At the time, the Handbook of Physiology was the most prominent and widely read compendium of reviews in physiology and neuroscience. At prior SfN meetings, I made the acquaintance of Floyd Bloom (see volume 7) and convinced him that I was on to something with my studies of breathing. Subsequently, Floyd, as editor of the Handbook volume “Intrinsic Regulatory Systems of the Brain,” invited me to contribute a chapter on the neural control of breathing. This was an invitation I could not refuse, for if done right, it could provide significant recognition for what I was doing. I was very compulsive about writing this review. I read hundreds of papers, going back to early studies. Much to my shock, I discovered that many recent papers had miscited, misstated, or misrepresented prior work, and these errors had propagated over time, much like the elementary school game (Telephone) where an initial statement gets twisted as it is passed around the room until it has little resemblance to the original. I did my best to set the record straight. After working on my first draft for about eight months at Northwestern, I sent it to Floyd for his advice and editing, clearly indicating that I was prepared to make any necessary changes. Several months later, I was shocked when Floyd wrote to me to say that my manuscript had been rejected and would not be published. I was beyond depressed, as I had sacrificed so much to get this done. I thought of all the experiments I did not do while writing the chapter. It turned out that Floyd had sent my draft to Vernon Mountcastle for review, apparently indicating that it was my submission for publication. Mountcastle, an outstanding senior neuroscientist and an experienced editor, ripped my draft to shreds. His obvious irritation that the draft was filled with typos and redundancies, and certainly lacked his customary formal writing elegance, exacerbated his negative review. I wrote back to Floyd, pleading for a chance to revise the manuscript. Floyd agreed to accept a revision, though he made it clear that unless it met the highest standards and satisfied the reviewer, it would be rejected. I weighed the career prospects of devoting time to what might be a futile effort, but I chose to give it a shot while in Stockholm. After months of revising, I submitted my revision. My brain let out a profound sigh of relief (see the “Sighs” section) when it was accepted and published in the Handbook of Physiology (Feldman, 1986). As I had hoped, the published review had a significant positive impact on both the relevant science and my career. In rereading the review recently, I was quite pleased with how on point I was in summarizing the field as it stood in 1986, well before the paradigm shift that came with our subsequent discovery of the preBötC.




Northwestern Redux

Returning to Northwestern, I resumed my work with renewed clarity and focus. I was privileged to be joined in 1984 by a third postdoc, Jeffrey C. Smith, who was the first “outsider” from the neural control of breathing silo that I was fortunate to recruit. Jeff had made his mark in respiratory mechanics and concluded that the most interesting problems in pulmonary physiology were in understanding how the brain controlled breathing. Jeff was a deep thinker and rapidly absorbed the relevant neurobiology, and we had great intellectual chemistry. I enlisted Jeff in my search for the site and mechanisms that generate breathing rhythm. We realized that the next essential step was evident in a paper by T. Suzue (J. Physiol., 1984), who showed that the en bloc brainstem and spinal cord from a neonatal rat, in vitro, could generate a breathing rhythm. Jeff spent considerable effort in reproducing and delineating the properties of the en bloc preparation, at which point we decamped to UCLA. This story continues in the “UCLA (1986–Present)” section.


Consulting

Because breathing is essential to life, my knowledge of the neural control of breathing has occasionally been called on outside the laboratory. While at Northwestern, I was asked to consult on several problems that underscored how principles of respiratory neurobiology could bear on real-world questions far removed from basic science. Two consults were memorable.

First, in 1984, I was asked to review autopsy findings in the death of a naval officer initially ruled a suicide, where significant blood was found in the lung alveoli, raising questions about the sequence of events leading to death. After reviewing the autopsy report, I advised that additional forensic analysis was warranted before drawing firm conclusions that it was a suicide. The case was subsequently examined at a higher level, though I was not informed of any ultimate resolution.

Second, I was recruited by the US Department of Defense (DoD) in 1984 to advise on mechanisms underlying respiratory failure following exposure to nerve agents, which primarily cause death through central respiratory arrest. The DoD was struggling to develop countermeasures to the use of nerve gases that were, at the time, in tanks in Eastern Europe and ready to be deployed in any conflict. Although a research contract was approved to investigate this problem, logistical and administrative complications delayed contract award until I moved to UCLA. The fate of this contract is discussed in the “DoD Redux (1986–1987)” section.

These episodes were interesting, occasionally unsettling, and reinforced for me that understanding how the brain controls breathing has implications that extend well beyond the laboratory (as we are now exploring the effects of breathwork on emotion, discussed in the “Breathing and Emotion” section).






UCLA (1986–Present)

About the time I was awarded the DoD contract at Northwestern, I got an inquiry about a faculty position from the Kinesiology Department at UCLA. Such a department might seem a strange landing spot for a neuroscientist. Yet there was a cohort of departmental faculty interested in movement control that I could interact with, including Reggie Edgerton. However, most faculty were focused on issues that held little interest for me (e.g., the psychology of figure skaters). I was curious enough to take a look despite, as a New Yorker, my holding many negative views of LA (Beach Boys, sunshine, yeah, but not a place where people worked nights and weekends doing science). I visited UCLA in late March 1985. Chicago was still in winter mode, streets still covered with snow and ice, and the only outdoor smell was dog urine. I arrived at LAX on an early spring evening. I was immediately intoxicated by the scent of the star jasmine just starting to bloom, awakening my hypothalamus from its prolonged winter dormancy. The next day was all sunshine and shirtsleeves, and my eyeballs strained from noticing all the students wearing T-shirts, shorts, and sandals and, by Chicago standards, dressed as if they were at the beach. That evening, returning to my hotel around 10 p.m., I turned on the news. I came across a segment where a reporter was questioning pedestrians on Ventura Boulevard about how they were coping with the “cold weather.” It was still 50+°F, a temperature not reached in Chicago for the past several months, and here locals thought it was freezing. I was sold; all I needed to do was work out the details.

We moved to LA in July 1986 and never looked back. We were fortunate to have immediate solutions to two big problems we faced: expensive housing and schools for our sons. UCLA, aware of the challenges of attracting faculty to a city with outrageous housing prices, built a community of 58 homes within a few miles of campus that were sold at below-market prices. We bought in, fantasizing that living in a community of faculty would be a modern-day Bloomsbury. That was not the case, as many of our faculty neighbors rarely ventured outside their academic silo, and after several years, we moved out. The challenge of schools was initially solved by Ion’s admission to the University Elementary School, a UCLA school run by its Department of Education, which occasionally admitted children of UCLA faculty. We quickly adapted to the rhythms of LA, which were very different from those in New York and Chicago. Our third son, Dylan, was born about a year after we arrived.


DoD Redux (1986–1987)

In negotiating my move to UCLA, the DoD agreed to move the contract for studies on nerve gases. Unfortunately, the DoD work did not end well. The DoD would not release the first tranche of research funds until a special hood capable of handling minute amounts of nerve gas was in place. Fred Eiserling, dean of Life Sciences, agreed to pay for the hood upfront, with reimbursement from the DoD upon completion. Not surprisingly, there was a lot of red tape and significant construction costs for such a hood, and it took some time to get it done. So long, in fact, that by the time the hood was certified, there were budget issues at the DoD, and they unilaterally canceled my contract. This was a disaster for me, as I was paying a postdoc to work on this project with my NIH funds, overspending these accounts on the assumption I could recoup the costs when the DoD money arrived. It took me almost two years to pay off this debt, at great cost to my ongoing research. Moreover, the DoD initially refused to reimburse UCLA for the hood’s cost, infuriating Fred. Eventually, we managed to get the DoD to pay for the hood, but I would never again seek DoD funds.




My First Graduate Student

While in the process of leaving Northwestern, I was contacted by Guosong Liu, a recently arrived Chinese graduate student at the University of Illinois, Chicago. He was looking for a project on the nervous system that would challenge him and put his considerable experimental and computational skills to use. I was most impressed, and I convinced him to enroll as a graduate student at UCLA. Guosong’s ambition was also considerable. He was interested in basic synaptic function and set his bar at research comparable to Hodgkin-Huxley. His ultimate paper with me demonstrated that synaptic transmission onto motoneurons was indeed quantal (Liu and Feldman, 1992), but his real interest was in plasticity, learning, and memory. When on the faculty at MIT, he showed that elevating brain Mg improved synaptic function of neurons in mouse hippocampal culture, and subsequently, at Tsinghua University, he showed it improved cognitive function in behaving mice. He then synthesized an Mg salt (in collaboration with Fei Mao, a brilliant chemist) that readily crossed the blood-brain barrier (MgThreonate; MgT). He received a notice from the Food and Drug Administration that led to sale of MgT as generally recognized as safe (GRAS), and he formed a company, Neurocentria. The relevance to my story is that I became a scientific consultant for Neurocentria, which exposed me to a world outside my academic silo: how discoveries made in the lab can transition to the real world, and what factors come into play when attempting to monetize one’s discoveries.




Light Bulb Moment: Finding the noeud vital

In my 1986 Handbook of Physiology chapter, I reviewed efforts starting with Galen (∼200), leaping ahead to 1761, to find the site in the brain generating breathing rhythm, referred to as the noeud vital. Attempts to isolate the noeud vital by Legallois (1813) involved using blunt spatulas to transect the brainstem of otherwise intact rabbits, crudely isolating the rhythmogenic site in the brainstem. More than 170 years later, when we had the en bloc in vitro preparation going, we realized we could redo the transection experiment with much better precision. Jeff would place the en bloc brainstem and spinal cord of a neonatal rat vertically in a vibratome, rostral side up, while recording rhythmic inspiratory activity from the C4 ventral root, which innervates the diaphragm. As he took thin (∼75 µm) slices off the top, the C4 rhythm was unaffected until he got to about the middle of the medulla, when, within one or two cuts, all rhythmic activity disappeared. This was highly repeatable across brainstems. He then did the experiment with the caudal side up, recording rhythmic inspiratory activity from the hypoglossal nerve (XIIn). As he took sections initially in the spinal cord, and then in the caudal medulla, there was no change in XIIn rhythm. But when he got near the obex, an additional cut or two eliminated the XIIn rhythm. Taking these experiments together, we hypothesized that these boundary cuts bracketed a key element for breathing rhythm generation. Much to our amazement and satisfaction, neonatal rodent slices cut with these boundaries generated rhythmic bursts from the XIIn that we verified were inspiratory-modulated. We thus demarked the critical medullary section that was the source of the rhythm. Moreover, the rhythm appeared to originate in the ventrolateral quadrant of the slice, a region not demarked in any atlas; ultimately, as described in the “Naming the preBötC” section, we named it the preBötC.

At this point (1990), Jeff won a Humboldt Fellowship to work in Diethelm Richter’s lab at the Georg-August-Universität, Göttingen. Richter’s work on the intact anesthetized cat brainstem had led him to a compelling model in which inhibition was essential for the rhythm of breathing. Fortunately, Klaus Ballanyi, a postdoctoral fellow in Richter’s lab, highly experienced in recording neurons in in vitro studies, worked with Jeff. Among the neuron types they found were intrinsic bursters, also referred to as pacemaker neurons. Jeff returned to UCLA nine months later, and we continued these experiments.




Naming the preBötC

In the 1980s, the consensus was that the kernel for generation of the breathing rhythm was the ventrolateral nucleus of the solitary tract (vlNST), as proposed by Ramón y Cajal. The principal contemporary evidence was the report by Eugene Merrill that this region had respiratory rhythmic activity but did not receive any afferents from within the brainstem. Hence, he argued unequivocally that the vlNST must be the rhythm source, and his view prevailed. I found the logic weak, however, as it confounded the absence of evidence with evidence of absence. I designed a simple experiment made possible by advances in tract tracing. Together with Madhu Kalia, a neuroanatomist with considerable experience in such experiments, we injected horseradish peroxidase into the vlNST and found an afferent projection from the rostral ventral respiratory column, just caudal to the nucleus ambiguus (Kalia, Feldman, and Cohen, 1979). Wanting to share this finding, I wrangled an invitation to present this work at a meeting on the neural control of breathing in Stockholm in 1978. After my presentation, Merrill stood up and, to be polite, strongly disagreed, effectively convincing everyone I was wrong.

At the next international meeting in 1980 on control of breathing in Hirschhorn, Germany, Merrill announced his “discovery” of a brainstem projection to vlNST, precisely the projection we described a year earlier, but much to my dismay, with no acknowledgment on his part of this fact. I stood up after his talk and reminded everyone that we had identified this projection at the previous meeting, apologizing for having only recently published the result. Everyone was excited about this projection, because it gave a new target for the source of rhythm. At the meeting banquet, there was a buzz that this region, which did not appear to be labeled in any atlas, needed a name. I was pretty freaked out that the choice of name might include “Merrill,” and so, after consuming a considerable amount of wine, I stood up and proposed a toast to this newly identified region. I was too hasty, though, as I did not have a name in mind (other than “not Merrill”). On the table was a bottle of Bötzinger wine, which I impulsively grabbed and suggested that we name the region after this wine, emblematic of this meeting, and because we did not know its mysteries, I suggested we call it the Bötzinger Complex. My colleagues, also well lubricated, toasted my suggestion, and it stuck.

In retrospect, as painful as it was, my disagreement with Merrill mattered because it challenged me over the next few years to conduct the experiments that finally resolved the question, ultimately establishing the preBötC as the kernel of the generation of the breathing rhythm. Episodes like this are uncomfortable, but they are often the price of challenging entrenched assumptions and narrowing the path to decisive experiments. The disagreement with Merrill concerned the location of the rhythm generator; a subsequent conflict with Diethelm Richter (see the section “From Discovery to the Paradigm: The preBötC Is Both Necessary and Sufficient to Generate the Mammalian Inspiratory Rhythm”) concerned what kind of mechanism could generate a rhythm at all.

Over the next few years, no experiments followed that supported the thesis that the Bötzinger Complex was the rhythmogenic site, so we continued our search for it elsewhere. In 1988, when Howard Ellenberger, Jeff Smith, and I identified a region that we were pretty sure was the rhythmogenic kernel, we struggled to find a name. Given its proximity to the Bötzinger Complex, we thought we could anchor the name there. The problem was that the region we identified was caudal to the Bötzinger Complex and, according to neuroanatomical convention, we should have named it the “postBötzinger” Complex. I thought that was a bad choice, because it sounded odd to label as “post” the site that was the origin of breathing rhythm. Accordingly, we declared the site the “preBötzinger Complex” (preBötC). We used the name for the first time in an abstract for the European Neuroscience Meeting in 1990.

Our story about the newly christened preBötC as the site generating breathing rhythm was so compelling that I thought we could submit to Science (I did not consider sending it to Nature because a previous paper I had submitted there years earlier was rejected with the editor’s comment: “Breathing is not of sufficient general interest”). This work was ultimately published in Science in 1991 (Smith et al., 1991), firmly establishing a new anatomical term, as stated in the title: “Pre-Bötzinger Complex: A brainstem region that may generate respiratory rhythm in mammals.” I should note that the inclusion of the word “may” in the title was deliberate. At the time, our evidence supported a strong hypothesis but not a settled paradigm. In retrospect, such provisional language is now uncommon in titles, even though it more accurately reflects how scientific understanding evolves.




From Discovery to the Paradigm: The preBötC Is Both Necessary and Sufficient to Generate the Mammalian Inspiratory Rhythm

The now paradigmatic paper in Science has a fascinating citation history. Initially, it was hardly cited because colleagues did not embrace our ideas. Citations then increased slowly for about a decade, until we published our paper establishing the presence of preBötC in vivo (Gray et al., 2001), after which they rose sharply for perhaps another decade. Citations then gradually faded as hundreds of papers as well as its inclusion in textbooks and atlases established the preBötC as part of the breathing–brain zeitgeist, so that citation of the original work was no longer a scholarly necessity. This cycle of rejection to acceptance is well known, worth quoting, and with which I have had some experience:

All truth passes through three stages. First, it is ridiculed. Second, it is violently opposed. Third, it is accepted as being self-evident.

—Arthur Schopenhauer, philosopher (1788–1860)

Four stages of truth: This is worthless nonsense; This is an interesting, but perverse, point of view; This is true, but quite unimportant; I always said so.

—J. B. S. Haldane, physiologist (1892–1964)

An important way science advances is in resolving disagreements. Here, Diethelm Richter, who felt that postsynaptic inhibition was critical for rhythmogenesis, strongly disagreed with our conclusion that inhibition was not essential. Also, he and many colleagues felt that our physiological data were problematic because they were obtained from in vitro slices of neonatal rat brain, not intact rats. He reluctantly agreed to be a coauthor of the paper submitted to Science. Two decades later, Bert Sakmann told me that when he congratulated Diethelm on the publication of this paper, Diethelm said it was all wrong. Bert did not know how to respond at that time, but when he ultimately told me, we agreed that the issue had been well resolved in our favor. Nonetheless, as Diethelm’s negative opinion was widely circulated in the field, it delayed the eventual acceptance of the preBötC as the paradigmatic kernel for generating breathing rhythm and serves as a classic example of the aforementioned aphorisms about truth.

Our initial evidence for the role of the preBötC in generating breathing rhythm necessarily relied on neonatal in vitro preparations for isolating circuit-level mechanisms that could not be resolved in vivo at the time. Criticism of these experiments, while understandable, did not undermine the core prediction that a compact medullary kernel generates inspiratory rhythm. The dispute was not whether the rhythm existed in slices, but whether the mechanism inferred in vitro would be foundational for the rhythm in vivo, a testable prediction. After several years of struggling to design an in vivo test, I was fortunate to have Paul Gray, a graduate student, join the lab. Paul, in addition to being very clever, had a specific goal as my doctoral student: “Jack, my goal is to prove you wrong.” I enthusiastically endorsed this effort; if I was wrong, I wanted to be the one to discover it first. Paul conducted a series of foundational experiments. He found that he could increase the XIIn inspiratory frequency in vitro by application of Substance P (SP). He suggested we do immunohistochemistry to look for the SP receptor. I thought the experiment would not be informative, because I expected the receptor to be widespread. He proved me wrong, as a few weeks later, Paul sat me down at our microscope to show me the immunostains for the neurokinin 1 receptor (NK1R; i.e., the receptor for SP). My brain exploded as I saw extraordinarily dense labeling in the preBötC and very little in its surround. Fortuitously, Jens Rekling, an exceptionally talented and thoughtful electrophysiologist, joined the lab. He had previously classified preBötC inspiratory neurons into two classes, suggesting that one class was rhythmogenic, a significant advance that remains underappreciated. Building on this finding, he followed up on Paul’s observation, showing that SP directly depolarized some preBötC neurons.




Light Bulb Moment: preBötC Passes a Critical Test

We were fortunate that these experiments were published in Science (Gray et al., 1999) in an issue that featured a fantastic paper by Doug Lappi and colleagues, who devised a clever way to ablate neurons expressing NK1Rs with an engineered saporin toxin. We immediately realized that we could now test our prediction that the preBötC was essential for generating breathing patterns in vivo. We predicted that ablating preBötC neurons using Doug’s toxin would irreversibly perturb breathing. I confess I was anxious about conducting this experiment because, if our prediction were wrong, most of our ideas about the fundamental nature of the preBötC would have to be significantly revised or even discarded. But we followed our lab mantra that “one cannot do anything interesting if one is afraid of failure” and proceeded with the experiment. I was thrilled and relieved when our prediction was confirmed. Ablating NK1R preBötC neurons in awake behaving mice irreversibly perturbed and ultimately abolished all breathing rhythms. Publication of this paper in Nature Neuroscience (Gray et al., 2001) convinced all but our most extreme critics that the preBötC was for real. At this point, we were at stage 3 of Schopenhauer and stage 4 of Haldane in the acceptance of the preBötC.


A MODEL SYSTEM FOR STUDYING LOCOMOTION

While working on the en bloc preparation, Jeff noticed that if he kept the hindlimbs facing up while still attached to the isolated neonatal rat spinal cord and then pinched the tail, the legs would generate a bicycle-like movement (Smith and Feldman, 1987; Smith, Feldman, and Schmidt, 1988). We developed this into a bona fide preparation for studying locomotion, and published a brief note, but we did not have the bandwidth to exploit it to unravel circuits for locomotion (Smith and Feldman, 1987). Several years later, a number of investigators adopted this preparation, and it proved exceptionally useful for delineating circuitry in the spinal cord for mammalian locomotion.




WHAT UNDERLIES RHYTHM GENERATION?

The long-standing focus on pacemaker neurons and recurrent inhibition in modern rhythmogenesis research arose from compelling biological parallels. For example, given that the continuous breathing rhythm is as vital as the continuous heartbeat and that coupled autonomous pacemaker cells drive cardiac rhythm, the idea naturally emerged that the breathing rhythm might similarly depend on neurons with intrinsic bursting properties. This view was supported by extensive data in invertebrates, showing that neurons with pacemaker properties play a key role in several rhythmic behaviors. Our work supported this view by demonstrating pacemaker properties in preBötC neurons in in vitro conditions (though, alas, they have yet to be found in vivo). With Christopher Del Negro, an exceptionally talented and thoughtful postdoc, we were able to test this hypothesis explicitly by simply looking at the effect of antagonizing the two currents that contribute to intrinsic bursting in single preBötC neurons: the persistent Na current and the nonspecific cationic (CAN) current. Yet after blocking these currents to abolish pacemaker properties in preBötC neurons, the preBötC still generated a similar rhythm (Del Negro, Morgado-Valle, and Feldman, 2002). We concluded that pacemaker neurons were not essential for rhythmogenesis but could play a role in modulating or stabilizing its pattern. The pacemaker neuron hypothesis was supplemented by the complementary proposal that recurrent inhibition served as a rhythmic “off-switch,” that is, terminated each inspiratory burst, ending one breathing cycle and initiating the next. Wiktor Janczewski, a talented research associate with deep knowledge of breathing and extraordinary skills in in vivo experiments, tested the obligatory role of inhibition in adult rats. By blocking inhibitory currents in preBötC with conventional pharmacology, we showed that the breathing rhythm persisted and remained robust (Janczewski et al., 2013). We concluded that inhibition was not essential for generating breathing rhythm but could play a role in modulating or stabilizing its pattern.






Light Bulb Moment: New Idea for Rhythm Generation

With both the pacemaker and inhibitory “off-switch” models failing key tests of their essential importance for driving breathing rhythm, we were at an impasse. Fortuitously, Kaiwen Kam and Jason Worrell, talented, creative, and highly perceptive postdocs, noticed something in in vitro preBötC population activity that we had all missed. Each burst of preBötC inspiratory population activity was preceded by a brief period of low-level activity referred to as “preinspiratory.” What they noticed was that the regular interval between bursts was occasionally interspersed with one twice the normal duration. When that happened, there was a low-level “burstlet” in the preBötC about the expected time of the missing burst. As excitability was lowered, more bursts were skipped, and in their temporal place were burstlets. We hypothesized that these burstlets were the rhythmogenic kernel, not the bursts. We then formalized and published this idea (Kam, Worrell, and Feldman, 2013), which rapidly passed through Schopenhauer’s three stages of truth and is now apparently accepted as a working paradigm for rhythm generation. We refer to it as Burstlet Theory.

We spitballed a lot of ideas about how burstlets were generated. Their low levels of activity at the single neuron level would exclude mechanisms requiring significant depolarization. At this point, Sufyan Ashhad, a postdoc of penetrating intelligence and considerable imagination, a talented electrophysiologist, and a computational modeler, joined the lab. We asked ourselves how a network could increase its activity without individual neurons each increasing theirs. We speculated that synchrony would do it. That is, asynchronous excitatory inputs to a neuron may not summate to cause it to fire but simply synchronizing the inputs could do it. Sufy then conducted a series of experiments to test this hypothesis, found short latency synchrony between and among preBötC neurons (Ashhad and Feldman, 2020), and then modeled optimal conditions for rhythm generation (Ashhad et al., 2023), and everything fell into place. In brief, the key rhythmogenic process, at least in vitro and predicted in vivo, is that burstlets trigger bursts, and that short latency synchronization of a subpopulation of preBötC neurons is the primary mechanism for generating burstlets.

As our initial work on the burstlet and synchrony hypotheses was all conducted in vitro, the question remained whether these observations were relevant to the intact animal. Here, Evgeny Bondarenko, a postdoc with a deep understanding of breathing and considerable skill as an in vivo experimentalist, collaborated with Sufy to investigate whether burstlets are present in vivo. Confirming our prediction, they found burstlets, which we also speculated provide a mechanism for rapid switching between breathing patterns during sniffing, vocalizations, and other behaviors. Our working hypothesis was that burstlets and synchrony are essential elements in rhythmogenesis for breathing, and by extension may be a more general mechanism by which neural microcircuits switch states, as during pattern recognition or decision making.




Light Bulb Moment: Finding a Second Oscillator

Since our discovery and investigation of the preBötC, we thought that both phases of the breathing rhythm (i.e., inspiration and expiration) came from the same oscillator. We likened it to the tick-tock of a pendulum or the day/night of the rotating earth, in which a single oscillator produces two phases. In about 2000, while reviewing a paper on neural activity near the facial nucleus (parafacial region), I noticed something I had not seen before that the authors had not commented on. The manuscript supported the authors’ hypothesis that this region, which they called the parafacial respiratory group (pFRG), was the principal source of breathing rhythm, not the preBötC. This was not an undiscovered region, as in 1989 (Smith et al., 1989), we had identified a distinct projection from ventral to the facial (VII) nucleus to the ventral respiratory column. As this region was not denoted in any atlas and because of its proximity to the trapezoid body, we christened it the retrotrapezoid nucleus (RTN), hypothesizing that it was potentially rhythmogenic and a site for central chemoreception of CO2. The manuscript I was reviewing provided further evidence of a second oscillator in the RTN/pFRG. In an en bloc preparation from neonatal rat, in a recording from the RTN and inspiratory motor output (XIIn and C4 ventral roots), we observed rhythmic inspiratory nerve bursts, with occasional much longer intervals between bursts. Yet in the RTN, there were rhythmic bursts of activity following inspiratory bursts, coincident with the expiratory motor output that was also present when there were longer periods between inspiratory bursts. It looked as if the RTN was keeping a regular rhythm, coincident with the period between inspirations (i.e., expiration), but the inspiratory motor bursts were skipping beats. Working with Nick Mellen, an exceptional postdoctoral fellow who, among his many talents, spoke about eight languages, we realized that these inspiratory nerve intervals were quantized. Looking through our prior unpublished data, we found similar results. What was going on? Here, we had an ethical dilemma. There were data in the manuscript that the authors had not commented on, which suggested to us an important insight into the breathing CPG. Though we were committed to the confidentiality of the manuscript, were we obligated to act as if we had never seen the data? We decided to follow up on our extant data, but to keep everything we found inside the lab until this manuscript was published. We set up some new experiments that profoundly changed our perspective. Indeed, there were skipped inspiratory bursts, with intervals between bursts in quantal multiples of the base period. We realized that there must be a second oscillator coupled to the preBötC that generated expiratory activity, consistent with our hypothesis that the RTN had rhythmogenic potential. We kept our observations confidential for several months until the paper I reviewed was published. Then we submitted our paper, presenting our dual oscillator hypothesis (Mellen et al., 2003) and fully acknowledging the results from the other paper. In numerous key follow-up studies done by Silvia Pagliardini and Robert Huckstepp, both insightful, hardworking, and dedicated postdocs, we provided substantial support for the hypothesis that the preBötC was the essential generator of inspiratory rhythm and was coupled to a distinct parafacial oscillator, the RTN (our current preferred name is the lateral parafacial nucleus), which generated active expiration (Pagliardini et al., 2011; Huckstepp et al., 2015; Huckstepp et al., 2016). Here again, this idea went through the multiple stages of truth over about five years.

In retrospect, we should have identified the second oscillator a decade or more earlier, but I was ignorant of a key point (likely because I lacked formal training in pulmonary physiology). In normal breathing at rest (eupnea), expiratory airflow is passive, resulting from elastic recoil of the lung and chest wall. It becomes active by recruitment of expiratory muscles only when metabolic demand requires significantly increased total airflow or when behaviors require active expiration, such as speech and cough. So, in our in vivo anesthetized preparations, there was no “active” expiration, and thus no ongoing activity to detect. We ultimately showed that at rest, this expiratory oscillator in RTN is actively inhibited, and a combination of disinhibition and excitation likely underlies the initiation and maintenance of active expiration (Pagliardini et al., 2011; Huckstepp et al., 2015; Huckstepp et al., 2016).






Breathing and Emotion

Another important aspect of breathing that I was long oblivious to is its profound impact on emotion and cognition. A convergence of four factors sparked my interest in this topic.


Rostral Connections from/to preBötC

To understand the mechanisms underlying preBötC functions requires a map of its afferent and efferent projections. Cindy Yang, a thoughtful and meticulous postdoc, discovered extensive rostral overlapping efferent projections of both excitatory and inhibitory preBötC neurons, as well as significant monosynaptic afferents onto preBötC neurons from rostral regions, extending up to the thalamus (Yang and Feldman, 2018; Yang et al., 2020). These findings established the presence of both direct and indirect ascending projections of preBötC neurons that could influence nonrespiratory functions, especially emotion and cognition, and descending (i.e., suprapontine) projections that could transmit signals related to emotion, cognition, and volition to affect breathing pattern.




Sighs

A new chapter began with a phone call out of the blue from Kevin Yackle, a Stanford medical doctor–doctoral student deeply invested in understanding the breathing CPG. I found this curious, as he was in the lab of Mark Krasnow, a renowned biochemist, whose studies of the Drosophila tracheal system were far from those investigating the neural control of the mammalian breathing CPG. Kevin said that as an undergraduate at UCLA, he took a course in systems neurobiology in which I gave a guest lecture on breathing, and he was hooked. Krasnow granted him leave to develop his project, initially aimed at identifying key molecules in the breathing CPG. From our initial conversation, I realized Kevin was special and that his exceptional intellect and enthusiasm would be a great addition to our field. I became a shadow mentor. Within a year, I got him invited to a triennial breathing conference in the Netherlands. We chatted regularly. About a year later, one of my former undergraduate mentees, Neil Schwartz, who was now a neurologist at Stanford, invited me to give Grand Rounds. At the end of my visit, I stopped by Krasnow’s office, where Kevin and Peng Li, a talented postdoc, joined us. As we were wrapping up the meeting (I had a plane to catch), Mark mentioned that they had identified a unique molecule in the brainstem breathing CPG. Excited and curious, I naturally asked what the molecule was. Mark said he was not ready to reveal the identity of this molecule as Kevin, Peng, and he wanted to pursue it first. I was disappointed, having been trained as a mammalian electrophysiologist, where unpublished data would be readily shared, while it aged gently for years before publication. As I was walking out the door, I realized there was one unusual (for us) molecule we had worked on but not yet published. So, I said we had done “some work on bombesin.” “Was that the molecule?” I asked as I rushed to catch my flight. When I got to the airport, my cell rang, and it was Mark. He said that the molecule they identified was a bombesin-related peptide. Then he asked what bombesin did, and my response was (tongue in cheek): “I’m not telling.”

Why bombesin? Wiktor Janczewski ran across a paper reporting a relationship among stress, sigh rate, and the release of bombesin-related peptides from the hypothalamus. We conjectured that the preBötC could be involved, and we devised a quick, cheap experiment: inject bombesin directly into the preBötC to see whether it affected sigh rate. In one of those memorable moments in the lab, the first time we did this, the sigh rate in an adult rat went from about 25 per hour to 500 per hour, with little change in baseline normal breathing frequency. The obvious next step was to antagonize preBötC bombesin receptors, and to our amazement, when we did this, sighing stopped. Then, using a targeted neurotoxin developed for us by Doug Lappi, saporin tagged to bombesin, Silvia Pagliardini ablated the preBötC subpopulations that expressed the bombesin receptors. Over several days, as the toxin ablated these neurons, the sigh rate dropped to essentially zero. In retrospect, these data were revelatory and engaging, but we let the data sit on the shelf until Kevin’s observation made us realize we might have a compelling story. We immediately agreed to collaborate.

Combining our divergent technical expertise with deep knowledge across molecular and cell biology, electrophysiology, and networks, we identified a four-neuron circuit in which neurons in the parafacial region that contain bombesin-related peptides project to preBötC neurons that express their cognate receptors. In adult rodents, when these preBötC neurons are exposed to bombesin peptides, rhythmic sighing results (Cui et al., 2024). We took these findings to mean that sighs had a dual purpose: (1) maintain lung health (all mammals sigh to reinflate alveoli that are constantly spontaneously collapsing; adult humans sigh about 12 per hour to maintain lung patency), and (2) modulate emotional state (sighs are calming). We put together a compelling story of a well characterized microcircuit driving a critical behavior and published it in Nature (Li et al., 2016). The paper went viral, with stories in major newspapers and other conventional and unconventional media outlets worldwide, including The Onion.




Cdh9

Our collaboration continued as Kevin Yackle, who had identified many potential molecular markers for preBötC neurons, investigated the properties of preBötC neurons expressing the cell adhesion molecule Cdh9. Working with several outstanding investigators at Stanford (including Liqun Luo and John Huguenard), we concluded that the locus coeruleus, a structure not directly involved in generating breathing movements, which receives inputs from preBötC Cdh9 neurons, conveys signals that can affect emotional state. We were quite excited to have identified a neural circuit linking breathing to emotion modulation (Yackle et al., 2017). This paper in Science went viral, too, and even Cosmopolitan wrote about it.




Learning to Meditate

Our studies on sighs and Cdh9 awakened me to the fact that breathing is a behavior that does more than just regulate blood gases and control airflow for reflexes and phonation. I became curious how breathing could affect emotion in humans. Here again, I decided to do my own underpowered (n = 1) experiment, spurred by an article in the New York Times about mindfulness. Believe it or not, I had been living in Los Angeles for more than 25 years and had never heard of it. My interest aroused, I googled mindfulness and discovered that UCLA had a Mindful Awareness Research Center that offered courses. I immediately enrolled, with two intentions: (1) to see whether the breathing component in the practice of mindfulness is essential to its effects on emotion and pain, (2) to see if I could levitate (I was a teenage fan of Kung Fu movies, so why not). After several weeks of mindfulness practice, I concluded that the breathing exercises were potent modulators of emotion (though I have yet to achieve success in levitating). My curiosity further piqued, I tried to figure out how I could demonstrate that the effect of breathing on emotion was indeed the case and to determine its underlying mechanisms. In a lengthy discussion with Raquel Abreu, a thoughtful and meticulous postdoc, we agreed that we would try to develop a model of “meditation” in mice.




Teaching Mice Breathwork

After about two years of failing to train mice to breathe slowly, Raquel hit on a highly reproducible way to slow the breathing frequency in awake mice. Using this protocol, she slowed the breathing of awake mice for 30 minutes a day for four weeks and transferred them to Michael Fanselow’s lab, which has world-class expertise in assessing fear. In another one of those exhilarating discoveries that makes being a scientist unique, we found that these mice, subsequent to slow breath training, were considerably less fearful than control mice (de Sousa Abreu et al., 2024).

I wrote an exploratory R21 grant to the National Center for Complementary and Integrative Health (NCCIH) to test various mechanisms that I and others postulated could underlie the effect of breathing on emotion. My application was not warmly received. Shortly thereafter, I delivered a Special Lecture at the 2016 SfN Annual Meeting, which included a brief discussion of our ideas on the relationship between breathing and emotion. After my lecture, Wen Chen, a branch chief at NCCIH, approached me, expressing considerable interest in my ideas, and encouraged me to resubmit for funding. With her guidance and support, we received R01 funding.

Interest in breathwork, both inside and outside the neuroscience silo, began to grow. We wrote a review in Nature Reviews Neuroscience (Del Negro, Funk, and Feldman, 2018) that was accompanied by a cover drawing of a “meditating” mouse, and later a review in Annual Review of Neuroscience (Ashhad et al., 2022) with “breathing” and “emotion” in the title. Andrew Huberman, in the early stages of developing his online presence, invited me to sit for a podcast. We had a wonderful discussion. The published comments were interesting and quite unlike those that I would receive after a lecture or seminar. One of my favorites was “I hope a science biopic gets made someday, where DeNiro gets to play Dr Feldman. NYC is my homeland, and Dr F has the most perfect old-school accent to top off his engaging wealth of knowledge.” Consequent to this and other podcasts, I’m occasionally recognized in public. On one occasion, I was sitting at home with a roofer, and while writing his estimate, he noticed my full name at the top of the form and asked, “Did you do a podcast on breathing?” “Yes,” I replied. He practically jumped out of his chair and said, “That was one of the f$$king greatest things I ever heard!” Recently, I stepped way outside my silo in a podcast with Tyrone Lindqvist of the band Rüfüs Du Sol to discuss the band’s discovery of breathwork. Tyrone summed up the impact succinctly, saying that the band went from “whisky shots to ginger shots.” Tyrone invited me to the band’s Rose Bowl concert, along with my sons and their partners; it was epic. I now fully realize there is real hunger among nonacademics for sensible, understandable descriptions of how the world works, breathing included.






Influential Experiences


Reviews

An important research activity for me has been writing major reviews and textbook chapters, starting in 1986 with my Handbook chapter and followed by another every few years. I have been privileged to coauthor these reviews with talented postdocs and colleagues, including Sufyan Ashhad, Mort Cohen, Howard Ellenberger, Greg Funk, Sten Grillner, Kaiwen Kam, Don McCrimmon, Gordon Mitchell, Gene Nattie, Jens Rekling, Jeff Smith, and, especially, my brilliant and hardworking intellectual partner Christopher Del Negro. For me, each review provided an opportunity for reeducation, a chance to catch up, and time to rethink and reinterpret the state of the discipline.




Becoming a Chair

My first substantive experience in academic leadership arose within the Kinesiology Department in the UCLA College’s Division of Life Sciences. At the time, neuroscientists in the college were scattered across multiple departments, with no unified voice in recruitment, curriculum, or long-term planning. Some senior faculty even questioned whether neuroscience constituted a legitimate discipline, an attitude that seems remarkable in retrospect but was genuine at the time. In response, Reggie Edgerton, Art Arnold, and I, together with many colleagues across the Life Sciences, organized an ad hoc undergraduate major in neuroscience. As international interest in neuroscience grew, this effort evolved into formal recognition as the Interdepartmental Undergraduate Program in Neuroscience, for which I served as the inaugural chair.

During this period, Kinesiology was losing traction as an undergraduate major. Working with colleagues, we reshaped the program into what became Physiological Science. When the sitting chair’s term concluded, I was asked to assume the role. Although reluctant, as my priorities were research and family, I agreed to serve. One of my first initiatives as chair was to help revise the Life Sciences core curriculum, which at the time emphasized molecular and cellular biology and behavior, with little attention to integrative physiology. Students could recite the molecular components of cardiac excitability yet had little understanding of how the heart functions as an organ. I advocated for and helped implement curricular changes that introduced organ-level physiology into the core, including a new course focused on integrative physiological function.

After several years as chair of Physiological Science, I was approached during a search for a new chair of the Department of Neurobiology in the School of Medicine. The department, newly renamed from Cell Biology and Anatomy, needed renewal. Although the search initially focused on external candidates, none ultimately accepted. When asked for my assessment of the department’s challenges and prospects, I spoke candidly, emphasizing the need for a clear scientific identity and sustained investment in faculty. I had not sought the position, but following further discussion, I agreed to take it on. The appointment came with the resources necessary to rebuild the department, including multiple new faculty lines. Recruiting and integrating these faculty over the subsequent years was demanding but deeply rewarding. I stepped down after six years as chair, proud of the department’s revitalization and its continued trajectory.






Conclusion

Looking back, what surprises me most is not that breathing proved to be a fruitful scientific problem, but how long it took me to recognize the complexity underlying its apparent simplicity. The preBötC and RTN did not answer all questions about breathing, nor were they meant to. Instead, they reframed the problem, opening doors not only to mechanisms but also to translation, pathology, and, more recently, to understanding how breath links brain, body, and emotion. These discoveries emerged in part from my responses to resistance to ideas I proposed that challenged entrenched assumptions about where rhythm could arise and which mechanisms were deemed plausible. The consequent disagreements, sometimes uncomfortable and personal, were, in retrospect, productive because they clarified which questions mattered most and which experiments would ultimately be decisive. The challenge now is not whether kernels exist, where they are located, or what their fundamental properties are, but instead how their collective dynamics give rise to the flexibility, robustness, and variability of this fundamental behavior. Breathing turned out to be a lifelong problem. That was not my plan. But in retrospect, it was precisely the right one.
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Apostolos Georgopoulos


Prologue

This is a bird’s eye view of my scientific career in neuroscience spanning five decades since 1972, when I joined the laboratory of Dr. Vernon B. Mountcastle (see Volume 6) at the Department of Physiology of the Johns Hopkins School of Medicine as a postdoctoral fellow, to the present, still working full time as the director of the Brain Sciences Center at the Minneapolis Veterans Affairs (VA) Medical Center and as Regents Professor of Neuroscience at the University of Minnesota. By necessity, this is a very selective summary stemming from scientific as well as personal considerations, reflecting the excitement at the times of discovery as well as the importance of the discovery. And discovery in my life could be as simple as solving a problem in geometry, solving a problem in chess, finding out how the brain plans a movement, unraveling the neural mechanisms of a cognitive process, getting an insight into the operations of large neural networks, or figuring out brain diseases—to name but a few. During those 50-odd years of my scientific career, I have been blessed with top-notch team members with whom I have shared excitements, joys, disappointments, and never-ending expectations for new discoveries. Thank you!




The Early Years

I was born in Patra, Greece, in June 1944, a seaport town on the northern shore of Peloponnesus, about 100 kilometers east of Olympia and 160 kilometers west of Mycenae. Patra is the capital of the province of Achaëa, a territory established in northern Peloponnesus circa 1100 BC by the Achaeans, led by Achaeus, son of prince Xuthus. “Achaeans” was practically a synonym for “Greeks” in general in Homer’s time. Among others, Achaëa is well known for its white wine and sweet red wine (Mavrodaphne). Those early years were very enjoyable, spending the mornings at school (a breeze), playing soccer in the unpaved streets in the afternoons (with plenty of cuts in my knees and a good number of tetanus horse antiserum shots by my mother), and being with family in the evenings. In 1958 we moved to Athens, and things changed drastically: harder time at school (second year of high school, following six years in elementary school), no soccer, and no friends. Nevertheless, human resilience being what it is, I finished at the top of my class which gave me the credentials to transfer the next year to a “select” high school (Varvakeion Exemplary High School). This designation of the school derived from the fact that it also served as postgraduate training ground for high school teachers in general. In fact, most of the times, several postgraduate teachers were in attendance in the back of the classroom, with a class of about 30 students. Then I was struck by my first love: Geometry! During that year, in addition to Greek literature (ancient and modern) and Latin, we were introduced to algebra, geometry, and biology—subjects that were taught all year long. Biology was fine, a lot of new, interesting knowledge; and algebra was straightforward but boring (you just needed to be systematic and careful but the correct result was always guaranteed): a very powerful tool indeed but not exciting, just a tool. But geometry!—an apocalyptic revelation: You are given pencil and paper, a ruler (to draw straight lines), a compass (to draw circles/arcs), and a problem to solve using only those two tools. I will never forget the pleasure I had while I was drawing the lines and circles dictated by the problem, and then staring at the drawing as a work of art! I used routinely a sharpened (by a knife, no pencil sharpeners then) Faber No. 2 pencil and white unlined paper, although frequently I drew on thicker black paper using white calligraphy ink with a special pen, really beautiful! And what about the expectation of the new problem to solve. I could hardly wait! The solution was not always easy, and hardly ever trivial to prove using ruler and compass. Many times, the solution was “obvious,” in the sense that, for example, you would look at the drawing and “see” that the two angles specified in the problem are indeed equal but proving that equality by ruler and compass was not always exactly “obvious.” I took special pleasure in the process of solving geometry problems, especially when the solution was not “obvious,” however long I would devote to examining the drawing. In such cases, the solution would appear miraculously after, for example, I drew some line: This was the “Aha!” moment, when the solution jumped in front of me in the drawing with the new line! But, of course, the key challenge was to discover which points to connect! I spent many night hours solving geometry “exercises,” deeply absorbed and not minding the time passing but then being at ease and peace after I found the solution, which I was frequently dreaming of in the sleep that followed. My favorites were Th. Caronnet’s Exercices de Géometrie; Premier Livre: La ligne droite (Librairie Vuibert, 1953); and Deuxieme Livre: La circonférence (Librairie Vuibert, 1956).

In retrospect, I can trace the excitement I derive in my research (from neuroscience to immunology to medicine) and hobbies (chess, jazz) to the same quality of discovering the solution to a geometry problem by trying, discovering and testing hidden associations, and creating new associations in jazz improvisation. The remaining three years in high school were a breeze. Trigonometry was easy, solid geometry a useful extension of planar geometry, advanced algebra straightforward, and physics and chemistry fundamental in understanding the world and easy to learn. My favorite subject those years was linguistics, more specifically the etymology of Greek words at various periods following the split of Greek from the Indo-European family ca. 5000 BC. Practically, however, the pressing matter was what to do after high school. In 1962, there were essentially three institutions of higher education, namely two universities (one in Athens, the other in Thessaloniki) and the National Polytechnic School. Entry to any of them was highly competitive and granted after national exams.

The last two years of high school comprised two different tracks to choose from: a “Classics” track with emphasis on Greek literature and history, and a “Practical” track with emphasis on physics, chemistry, and mathematics. The choice of a track depended on the field that a student wanted to pursue (there is no college education in Greece). Typically, students planning to apply to the Polytechnic School chose the Practical track, whereas students planning to pursue other fields (e.g., philology, law, medicine, etc.) typically chose the Classics track. For myself, I knew what I did not want to practice in the future (engineering, law, philology, chemistry), so I chose medicine by exclusion. Although medical school was longer (six years) than other disciplines (typically four years), it offered a broad training curriculum for diverse choices covering both clinical and research careers. Both careers were very exciting; in fact, when I graduated from the medical school six years later, I was torn between which one to choose: internal medicine or research in physiology (I loved them both), a decision for which I ultimately relied on the outcome of flipping a coin: It came tails-up, hence I continued in research. However, I never regretted getting a medical education; it provided me with broad knowledge that has helped me many times in my subsequent research career and, practically, a lot of my current research is dedicated to medical research. Hence, my election to the National Academy of Medicine in 2004 was the highest honor I would have wished for—besides my election to the Academy of Athens and the American Academy of Arts and Sciences!




Medical School (MD) and PhD Dissertation (1962–1969)

I was admitted to the Medical School of the National and Kapodistrian University of Athens in 1962 (came fourth in the national exams, among thousands of applicants for about 150 admissions). The first year of medical school comprised physics, chemistry (inorganic and organic, as separate subjects), biology, and part one of anatomy (bones) and physiology (physiology of the blood). I knew well physics and the two chemistries, and biology, bones, and blood physiology were easy subjects. So, that year I competed playing nonstop chess (which I had learned how to play when I was 16 years old), played 44 consecutive games, won 43, and was placed first in Class III and Class II championships, and shared first place with another player in Class I (the top Class). That same year I won a trophy in a national competition celebrating the October 28th OXI Greek National Holiday—and stopped any further play! It became obvious that to keep up in competitive chess play, I would have to spend a lot of time in preparing, at the risk of performing poorly in my medical school exams. I loved, and still love, playing chess because it is essentially an incessant discovery process, very similar to solving a problem in geometry but in a dynamic setting—that is, discovering the right sequence of moves to gain an advantage or to solve a chess problem. I also play the alto saxophone, enjoying the improvisation in generating new, unique melodies.

The subjects in the second year were anatomy, physiology, biochemistry, and histology. Anatomy and biochemistry relied on straightforward memorization, and histology was fairly easy for me because I was very good at evaluating images and connecting them to the tissue they came from. Physiology was a revelation! The workings of the various organ systems of the body, their lawful interactions, the resulting homeostastic stability across the lifespan—a true marvel captured so eloquently in Walter B. Cannon’s book The Wisdom of the Body (1932).

There was an associate professor in the Department of Physiology (Andreas Granitsas) who had initiated lectures by interested second-year medical students at the end of the school year on a topic of their choice. I was thrilled at the opportunity and chose to work on the role of thyroid hormone in maturation. The main emphasis at that time was on the role of thyroid hormone in oxidative metabolism, a topic of less interest to me. What fascinated me, more specifically, was the dramatic effect of thyroid hormone deficiency during pregnancy, resulting in cretinism, a syndrome characterized by severe intellectual disability. I thought that this should, somehow, be connected to (i.e., be the result of) a problem in protein biosynthesis, since that is the pathway that underlies maturation. Therefore, I spent a lot of time in libraries (mostly the library at the National Center for Scientific Research “Demokritos”) researching the latest discoveries in protein biosynthesis – what an era was the 1960s! RNA, translation of the genetic code, ribosomes, nucleus, mitochondria. My lecture was well received, particularly by my future wife, Lily (my only and true lifelong love), then a medical student too. I wrote the lecture as a review paper (with 174 references) which was published (in Greek) in the Archives of Medical Sciences in the mid-1960s. To my knowledge, it was the first publication in Greek of the breathtaking advances in protein biosynthesis at that time, in addition to the role of thyroid hormone in it. My interest in thyroid hormone and brain maturation has remained active over the years. A key feature of congenital hypothyroidism is a decrease of the total length of the dendritic segments of the apical tuft and the basal arborization of pyramidal cells [1], resulting in an overall reduction of synapses. In theory, this deficit, and associated intellectual disability, could be corrected if synaptogenesis could be induced in adult brains, a seemingly impossible task. Not taking “no” for an answer, and with the faith of the born optimist I am, I reconsidered this problem with my student Carrie MacNabb in the late 1990s by inducing congenital hypothyroidism in rats by adding methimazole (an antithyroid drug) to the drinking water of pregnant dams from embryonic day E16 to postnatal day P25 [2, 3], since the maturation effect of thyroid hormone in the rat brain is completed by about 25 days postnatal. (In the human it has been completed at birth.) In collaboration with Eugene O’Hare and James Cleary, experimental psychologists at the Geriatric Research and Education Center at the Minneapolis VA Medical Center, we used a choice alternating lever cyclic-ratio (ALCR) schedule to assess a few months after birth the behavior of normal (control) rats, congenitally hypothyroid rats, and four groups of congenitally hypothyroid rats that received thyroxin (T4) replacement at P1, P7, P13, and P19 days. Normal rats and those that had received T4 replacement at P1, P7, and P13 days performed well in the task, in contrast to those rats without replacement and those with replacement at P19 [2]. These results indicated (a) that congenital hypothyroidism impairs learning when a discrimination between correct and incorrect operanda is made available, and (b) that this defect can be prevented by a timely T4 replacement up to P19. With the advent of drugs that increase the formation of new synapses (e.g., fluoxetine), the prospect of successful intervention in intellectual disability due to congenital hypothyroidism may become reality.

Back to the medical school. As a result of my excellent performance in the physiology exams (9/10 grade), I was accepted as a Student Assistant in the Department of Physiology, where I assisted in the physiology demonstrations to medical students but also participated in ongoing research at the department, leading ultimately to my PhD thesis. I also organized weekly seminars in the department where staff (faculty, postdoctoral fellows, students, visitors) presented on various topics, an exciting weekly event. In 1966 I presented in one of those seminars an intriguing article by Wilder Penfield, “Some mechanisms of consciousness discovered during electrical stimulation of the brain” [4], eliciting “flash-backs” of past experiences by electrical stimulation of the temporal lobe. This article was my first encounter with human neuroscience and made a deep impression on me. Little I knew then that 44 years later, in 2010, I would publish a paper on a very similar topic, identifying with magnetoencephalography (MEG) a temporal lobe focus in patients suffering from posttraumatic stress disorder (PTSD) and associated flash-backs! [5]. Toward the end of medical school, I became fascinated with immunology, and in 1968 I presented in a series of seminars eight articles by E. J. Holborow published in The Lancet in 1967 (An ABC of Modern Immunology, April 15–June 3, 1967). Again, little I knew then that I would return to that topic 48 years later, in 2016, when I published a paper on immunogenetics of Gulf War Illness (GWI) [6] and then spend 10-plus years on immunogenetics of pathogens and human disease, including viruses [7], PTSD [8], neurodegenerative diseases [9–17], schizophrenia [18], addiction [19], cancer [20–29], and other diseases [30–38] up to now. Another book that took me by storm was Alvan R. Feinstein’s Clinical Judgment (1967). Most impressive was his rigorous use of mathematics/set theory/Venn diagrams as a guide to clinical diagnosis and decision-making. I found myself torn in choosing between internal medicine and research for my future career. I was fascinated by internal medicine because it was a continuous discovery process in diagnosing, treating, and monitoring illness, with the added weight of being critical for the health of the patient, a huge responsibility. As I mentioned earlier, I flipped a coin, came up tails, and research became my path. I graduated with honors in 1968 (MD) and obtained the PhD degree in physiology the next year with a dissertation in lipid metabolism. In 1968 I married Lily who gave birth to our two lovely daughters Maria Alexandra (Elma) and Areti in 1970 and 1972, respectively, each of whom graced us with two precious grandchildren.




Greek Army Service (1969–1971)

Next, I served in the Greek Army for two years (1969–1971; a mandatory service) as a reserve medical officer. I worked at the Army Medical Research Center in Athens, running the 401 Army Hospital’s blood bank and participating in the manufacture of meningococcal and cholera vaccines for personnel of the armed forces, carrying out microbiological research on salmonella and shigella, and participating in epidemiological research on meningitis and brucellosis. During that period I coauthored several papers on microbiology, some of which were published in the US journal Public Health Reports.




Neuroscience

In 1967 I came across a paper by Vernon B. Mountcastle that shaped my career in neuroscience (“The Problem of Sensing and the Neural Coding of Sensory Events,” in The Neurosciences, G. C. Quarton, T. Melnechuk, and F. O. Schmitt (eds). New York, NY: Rockefeller University Press, 1967: 393–408). The step-by-step clear exposition of the neurophysiological processes starting with the application of a stimulus and ending with a perceptual construct became a lifelong road map for me in trying to decipher the intervening processes in that fantastic chain of events. I was most impressed by the exquisite quantitative treatment of the data at each step, a methodological “imprinting” in my research career up to this very moment. Indeed, in 1970 I wrote to Dr. Mountcastle inquiring about the possibility of doing a postdoctoral fellowship in his laboratory and—surprise!—he said, “Yes.” I was overjoyed. He was taking a bet on me, for I had no experience in electrophysiology or neuroscience. Vernon told me later that he was impressed by the letters of recommendation by my professors at the university and my microbiology supervisor at the Army Research Center. His bet paid off; about 20 years later I was offered his position as director of the Bard Laboratories of Neurophysiology at Johns Hopkins, an offer I declined and moved to Minnesota, mainly for family reasons.

I was discharged from the Army on April 30, 1971. The next day, Saturday, May 1, Vernon and his wife, Nancy, arrived in Athens from Lebanon, where he had given a series of lectures at the American University of Beirut. The next day, we took a short trip to Cape Sounion where we enjoyed local octopus marinated and grilled, the Greek way (see figure 1). Now, in 1989 Gian Poggio, Ken Johnson, and I organized a meeting to celebrate Vernon’s 70th birthday. We designed a poster (see figure 2) and asked Vernon to give us a photo of his for the poster: To my amazement, he gave us the photo I had taken of him during our lunch at Sounion in 1971—and, yes, that picture was placed center stage in the poster (Vernon told me that this was his most favorite picture!)
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Fig. 1.    Picture of Dr. Vernon Mountcastle enjoying lunch in Sounion, Greece, on May 2, 1971. (Photo taken by Apostolos Georgopoulos.)

That evening, we had dinner with my wife and my neurology professor Costas Stefanis at the rooftop restaurant of Hotel Ariston at the Constitution Square overlooking a lighted Parthenon—a memorable evening. Vernon was aware of Costas’s work and thought highly of his two papers with Herbert Jasper, reporting on recurrent inhibition in pyramidal tract cells of the motor cortex, investigated using intracellular recordings. These landmark papers were published in the Journal of Neurophysiology in 1964 [39, 40], and were read and appreciated by Vernon who was editor in chief of the journal at that time. It was nice to bring these pioneers together, even for an evening. Both of them referred warmly to that dinner in future conversations with me. Remarkably, 36 years after that dinner, Costas and I wrote a paper where we placed his 1964 studies in the context of my studies on directional tuning, drawing attention to the fundamental role that recurrent inhibition may play in shaping local circuits in the motor cortex [41]. (Nicely, the paper was published in a volume dedicated to the Cajal Club conference in 2006 in Stockholm, celebrating the 100-year anniversary of Ramón y Cajal’s Nobel Prize in 1906, a conference I was honored to be invited to and lecture.) In 2010, we followed up with a second paper explicating in more detail our view of the motor cortical circuit [42].
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Fig. 2.    The photo in Fig. 1 was given by Dr. Mountcastle to be the centerpiece of the poster announcing the symposium to honor Dr. Mountcastle’s 70th birthday.

x


Johns Hopkins (1972–1974)


Parietal Cortex

In 1971 I applied to the World Health Organization in Geneva for a Research Training Grant, which was funded. My wife (an endocrinologist, also a medical doctor with a PhD degree in physiology) and I were already assistant professors at the Department of Physiology of the University of Athens and took a two-year educational leave of absence for postdoctoral work at the Department of Physiology of the Johns Hopkins School of Medicine in Baltimore. We arrived at the Friendship International Airport in Baltimore (later renamed Baltimore-Washington International; a regrettable change of a beautiful name) on Sunday, October 22, 1972, with our two daughters in the middle of a beautiful, most colorful Maryland autumn—an unexpected, most pleasant surprise! We stayed for a few days with Vernon and Nancy in their home in the country (in Monkton, Maryland), and then in a furnished apartment at Elkridge Estates in Roland Park for a week, until we moved to a townhouse in Owings Mills, a suburb about 20 miles northwest of Baltimore. I started working in the lab right away; Lily started working in the lab of Giraud Foster, a renowned calcitonin researcher, associate professor at the same Department of Physiology at Hopkins.

In the previous years, the Mountcastle lab was using a LINK computer to control the experiment and collect neural data but at the time of my arrival the lab was being converted to a new behavioral control and data acquisition software based on a Digital Equipment Corporation (DEC) PDP11-20 computer. The design, software, control, and integration was done by Dr. William (Bill) Talbot, a top neurophysiologist with a gift and special interest in computers. This transition took about three months (since my arrival), during which time I typed many hours of protocols of previous experiments dictated by Dr. Mountcastle. This not only improved my understanding of spoken English but, also, subtly and unconsciously, shaped expressing my thoughts in a concise and precise way (“short declarative sentences”), along George Orwell’s recommendations [43]. The recordings started successfully using a semicircular track along which a lighted cube/switch was controlled to (a) move at different speeds and (b) dim its light at predetermined locations along its trajectory. The monkey was depressing a ball and reached to hit the dimmed light as soon as possible for a liquid reward. The combinations of speed and locations of dimming were the controlled variables. The team, led by Dr. Mountcastle, consisted of Jim Lynch, Carlos Acuňa, me (postdoctoral fellows), and Hideo Sakata (visiting scientist from the Tokyo Metropolitan Institute). We recorded single cell activity in the superior and inferior parietal cortex (areas 5 and 7, respectively). It was a thrill to listen to brain activity during reaching, grasping, and “winkling.” I took the lead in reconstructing penetrations from histological sections and for the statistical analysis of the data. Although I was familiar with basic statistics, the challenge to analyze the data from this experiment was beyond my knowledge at that time. So, Vernon arranged that I consult with Allyn Kimball, professor of biostatistics at the Johns Hopkins School of Public Health. This was another revelation for me, the world of statistics seen through the eyes of a senior, world-renowned, well-seasoned statistician! Essentially, I was his apprentice, meeting in person at his office once or twice a week—I couldn’t wait for the time to pass from one meeting to the next. Indeed, under his guidance, I completed the statistical analyses and earned third authorship in the resulting classic [44].




Primary Skin Nociceptive Afferents

In the beginning of 1974 Dr. Mountcastle suggested that I learn a technique that I could apply upon my return to Greece at the end of the year. Such a suitable technique at the lab was recording from primary afferents innervating the glabrous skin of the monkey’s hand. The previous leader in that lab was Dr. Ian Darian-Smith who had left for Australia before my arrival to hold a faculty position at the Department of Anatomy at the University of Melbourne. There were two bright graduate students finishing up their PhD dissertations, Randall (Randy) Long and Carol LaMotte, who trained me how to dissect single primary afferents from the median and ulnar nerves, and how to study their responses to heat and cold stimuli quantitatively. I am grateful to them for their patience, guidance, and support in enabling me to carry out extensive recordings of large numbers of high-threshold nociceptive afferents (345 Aδ and 191 C fibers) resulting in a major single-authored publication in 1976 [45], followed by another paper reporting the results of quantitative analyses of neuronal responses to noxious stimuli [46]. A pioneer in describing the properties of Aδ fibers was Ainsley Iggo at the University of Edinburgh; it was a special pleasure when I met him 24 years later, in 1997, while I was visiting that university to give the Ninth Annual Distinguished Lecture at their Center for Neuroscience—a vivid flashback!






Greece Interlude (1974–1976)

We returned to Greece on December 1, 1974, back to our faculty positions at the Department of Physiology of the University of Athens Medical School. Unfortunately, despite all my efforts, there was no possibility of conducting neurophysiological research there. We took the risk and resigned from our university jobs and immigrated to the United States in 1976, following a formal invitation from Johns Hopkins University. All family members (my wife, our two daughters, and myself) got green cards and later became naturalized US citizens in the early 1980s.




Johns Hopkins (1976–1991)


Basal Ganglia

I arrived at the Dulles International airport in Washington, DC, on April 19, 1976, ahead of the rest of the family who joined me on July 26 that year. I was delighted to get back to the lab! The new team in the primary afferent lab consisted now of James Campbell, Robert LaMotte, and Richard Meyer, all immersed in research using an infrared carbon dioxide laser designed to deliver to the skin noncontact, radiant heat stimuli at 0.1–25 deg C steps with fast rise times (200–250 ms). So, I returned to the central nervous system joining Mahlon DeLong (and his graduate student Michael Crutcher) on basal ganglia research. For three years (1976–1979) we recorded single cell activity in the globus pallidus (external and internal segments, GPe and GPi, respectively), substantia nigra (pars compacta and pars reticulata), and the subthalamic nucleus. The most striking finding in those studies was the short latencies of neuronal responses in the subthalamic nucleus (STN). In the traditional scheme of those days, the subthalamic nucleus received input from GPe and sent its output to GPi. This arrangement would predict that the latencies of response of STN neurons to the movement-triggering visual stimulus would be longer than those of GPe neurons, which was not the case: STN neurons had shorter response latencies than GPe or GPi neurons, as well as a higher percentage of movement-related neurons [47]. This implied a direct input to STN from the motor cortex, the now well-recognized “hyperdirect pathway.” Mahlon and I became close lifelong friends.




Motor Cortex: Directional Tuning

In 1979 I moved to a new space (my lab), refocusing my work from basal ganglia to cerebral cortex, more specifically on the motor cortex and area 5 of the superior parietal lobule. Since the early parietal recordings [44], I had been intrigued by the strong effect that the direction of movement had on neural activity. In those experiments, we studied cells the activity of which increased with reaching toward the target; yet their activity would decrease as the arm was brought back to its resting position in front of the monkey. This observation was the seed of the new design I implemented from 1979 onward in recordings from the motor cortex and area 5 of the parietal cortex. The key aspect of the design was to vary the direction of movement in a systematic way, such that the whole directional continuum would be covered and neural activity evaluated across the complete directional range. This design was implemented in a device that consisted of a plate and an articulated arm (manipulandum) that could move freely on it [48, 49]. A transparent ring of plexiglass was attached to the distal end of the arm, enabling the monkey to position it on top of a lighted LED. Underneath the plate there were nine LEDs, one at the center and eight around it in a clock-face design, every 45 degrees. The center LED came on, and the monkey grasped the manipulandum distally and moved it to “capture” the lighted LED at the center. Then the center LED was turned off while one of the peripheral LEDs came on, and the monkey was trained to move the handle from the center to the lighted LED for a liquid reward; this was the genesis of the “center ➔ out” task. Thus, movements were made from the center to eight different directions in a pseudorandom order. The key new aspect of this design was the emphasis on the spatial aspects of the movement trajectory, not the muscles that implement it, a drastic change in how the motor cortex was regarded since, for more than a century, it was simply known as an “upper motor neuron.”

By 1980, John Kalaska had joined me as a postdoctoral fellow (from Canada), followed by Roberto Caminiti (postdoctoral fellow from Italy) and Joe Massey (senior physicist at the Applied Physics Laboratory in Jessup, Maryland)—a dream team! Our first recordings were in the arm area of the motor cortex, contralateral to the moving arm. Spike trains were plotted in real time on a Tektronix analog screen: As the monkey made movements in different directions, we could see the directional tuning of neural activity jumping second-by-second in front of our eyes! Cell activity was highest with movements in a specific direction (the “preferred” direction) and decreased gradually with movements in directions farther and farther apart from the preferred one. Different cells had different preferred directions that covered the whole directional continuum. The original device had only eight lighted targets (LEDs) but we quickly had a new one where the lighted target was produced by a laser beam, thus enabling for a higher sampling of the directional space and for any arbitrary placement of the target. The statistical analysis of those data presented new challenges, namely (a) the characterization of the directional tuning using a sinusoidal multiple linear regression, and (b) the analysis of the distribution of preferred directions using directional statistics. For the former issue, I reconnected with Professor Allyn Kimball, my old teacher and statistics mentor in the early 1970s, who now enlightened me on the sinusoidal regression, an analysis that allowed a precise estimate of the preferred direction. Next, we generalized the directional tuning for reaching movements to visual targets in 3-D space [50, 51]. The 3-D preferred directions were extensively analyzed in later studies [52, 53] and their mapping in motor cortex presented [54, 55].

At that time, in the early 1980s, Dr. Mountcastle and Dr. Mark Molliver, a professor in the Anatomy Department, organized a neuroscience course (annually) in which Tom Powell, Vernon’s old collaborator (since the 1950s) and close friend, came from Oxford to teach neuroanatomy. Tom and I immediately struck a common note and became lifelong friends. He was a true giant in brain neuroanatomy, a wonderful and very warm person, and a precious friend. We kept up our contact over the years and in 1983 my wife (Lily) and I had the good fortune to visit him in Oxford (in the context of a lecture I gave there), enjoy his hospitality, and meet his student John Sloper (see figure 3).
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Fig. 3.    At Tom Powell’s office at the University of Oxford, 1983. From left to right: My wife (Lily), myself, Tom Powell, and John Sloper.




Reaching vs. Finger Movements

Behaviorally, reaching movements are different from fine finger movements. They always involve coordinated activity of several muscles and they are directed to targets in space, visual or other. Then, it is not surprising that corticospinal axons from the proximal arm area of the motor cortex impinge on interneurons without making monosynaptic connections to motoneurons, a common feature of motor cortical neurons controlling distal finger muscles. Moreover, reaching movements have a target and their goal is to bring the hand to the target. Therefore, the essential aspect of reaching movements is that they operate in extrapersonal space, moving the hand from its current position to the target. Now, the essential attributes of spatial trajectories are their direction and amplitude and, for a movement, its instantaneous 3-D velocity vector. At the single cell level, these features are well captured by the 2/3-D directional tuning and the orderly relation of single motor cortical cell activity to the instantaneous velocity of the movement [56]; and similarly at the population level, as documented by the overall direction of the 2/3-D population vector [57], its moment-to-moment variation and the derived movement trajectory in 3-D space [58]. In 1989, Sten Grillner (see Volume 9) and I published a perspective in Science proposing that reaching movements achieve their goal by engaging the integrated sensorimotor circuitry of the spinal cord [59], which acts as a “smart device” [60]. In a subsequent paper, I formalized this hypothesis more explicitly [61].




Population Vector

In 1983, we published a paper where preferred directions, weighted by cell activity in a given movement direction, predicted accurately, as an ensemble (“neuronal population vector”), the direction of that movement [62]. It should be noted that the key discovery that made the computation of a population vector possible was the directional tuning: without it, no preferred direction would exist, and no population vector could be computed. At that time, the computation of the population vector relied on preferred directions estimated from recording at different times. Later, we compared the population vector derived from such analysis with a population vector computed from cells recorded simultaneously, with practically identical results [63]. The population vector turned out to be good predictor of the direction of reaching in 3-D space [50, 58] and was illustrated in our first cover (figure 5). To me, it has been most gratifying to see the application of this measure in various fields and, most importantly, its successful application in neuroprosthetics, pioneered by Andy Schwartz [64]. In March 1987 I presented the 3-D directional tuning and population vector results at the 53rd Stated Meeting of Neuroscience Research Program Associates at the Rockefeller University. The presentation was well received, particularly by Max Cowan, editor-in-chief then of the Journal of Neuroscience. It was the first time we met and the beginning of long-term association. Our 3-D reaching papers were published in the Journal of Neuroscience in 1988.
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Fig. 4.    Sten Grillner and myself, Karolinska Institutet, Stockholm, 2006. (Courtesy of Tomas Hökfelt.)
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Fig. 5.    3-D population vector. (Science cover photograph, 26 September 1986.)

The population vector was a key contribution to computational neuroscience but, for me, its exciting attribute was its potential to serve as a window to neural mechanisms underlying cognitive operations happening during the response time. In that respect, the most interesting aspect turned out to be the robustness of the population vector across time. When calculated every 10 ms from stimulus onset onward, it started growing in length and pointing in the direction of the upcoming movement at a latency of ∼100 ms, that is, from early on during the reaction time [57]. That meant that we could get a glance at the directional operations unfolding covertly during the reaction time and this method became the seed of using the population vector as a tool/marker of spatial-cognitive operations, including memorized upcoming movement, mental rotation, memory scanning, and mental maze solving.




Force

In studies of motor cortical activity in relation to exerted static force, previous research had typically limited force exertion by the hand in two opposite directions (e.g., flexion-extension) along one dimension. In our study [65], we extended the force parameter space by training monkeys to exert static forces in 3-D dimensions and of different magnitudes. We found that the activity of the large majority of cells (78.6%) varied significantly only with the direction (but not the magnitude) of force, whereas only 7.1% of cells related to force magnitude alone, and 14.3% to both direction and magnitude. These findings underscore the prominence of directional control signal in the motor cortex and suggest that the direction of force can be controlled independently of its magnitude.

In contrast to static force, which is stable over time, the dynamic force producing a motion is of a different species. We investigated the relation of cell activity in the motor cortex to the direction of 2-D isometric force under dynamic conditions, where three key force variables were distinguished: the force exerted by the monkey, the net force, and the change in force [66]. Single cell activity was directionally tuned and, remarkably, this tuning was invariant across different directions of the bias force. Surprisingly, cell activity was not related to the direction of force exerted by the monkey, which changed drastically as the direction of bias force changed. In contrast, the direction of net force, the direction of force change, and the visually instructed direction all remained quite invariant and congruent in a trial, and are good candidates for the directional variables, alone or in combination, to which motor cortical activity might relate. Remarkably, the population vector also pointed in the direction of net force, not the force exerted by the monkey [66]—another Science cover (figure 6).
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Fig. 6.    Neural coding of dynamic isometric force. (Science cover photograph, 19 June 1992.)




Instructed and Memorized Delay

In a previous study, we had shown that activity in a subset of movement-related cells in the motor cortex persisted during a delay period in the absence of overt movement [67]. During that instructed delay period, during which the lighted target was on, the population vector pointed in the direction of the stimulus, the same as the direction of the upcoming movement. Then we extended this study by turning off the target light, such that the monkey had to keep in memory the direction of the movement to be made when a “go” signal appeared. We found that, remarkably, motor cortical cell activity persisted in a subset of cells and that the population vector again pointed in the memorized direction of the upcoming movement [68]. This finding was unexpected because it was then widely assumed (actually, taken for granted) that motor cortex is a kind of “upper motor neuron” of traditional neurology and that neural events during delay/memory periods were the province of the prefrontal cortex. In fact, in the years that followed, several studies by different research groups documented activity in the motor cortex that persisted during periods when certain aspects of the task had to be kept in memory for subsequent performance. Given that motor cortical neurons projecting to the regions of the spinal cord innervating proximal arms terminate on interneurons, it is not surprising that spinal interneurons show modulation of their activity during an instructed delay period [69].




Mental Rotation

I explored this idea during the second half of 1980s using a motor mental rotation paradigm, inspired by the work of Roger Shepard and Lynn Cooper on mental rotation of visual images [70]. In our paradigm, the item expected to be rotated was the direction of an upcoming movement. We first tested this in human subjects performing in the same 2-D apparatus used in neural recordings. Subjects held the manipulandum at the center of the board and then a light appeared at a random spot on the circumference of an imaginary circle. Subjects were instructed to move at an instructed angle from the direction of the stimulus—for example, 90 deg clockwise (CW); the angle and the direction (CW, CCW) differed for different blocks of trials. We found that the reaction time (RT) increased in a linear fashion with the angle [71], similarly to what had been found in the Shepard and Cooper experiments for visual images.

Our hypothesis was that a population vector in the stimulus direction is formed in the brain and that it rotates to the movement direction, according to the instruction. We further assumed that this rotation is a time-consuming process, hence the increase of the RT with the rotation angle. We then implemented this paradigm in monkeys trained to move the handle in the 2-D apparatus at a 90 deg CCW angle from a stimulus direction. During training, the stimulus appeared at random locations on the circumference of an imaginary circle, hence the movement amplitude was kept constant. Surprisingly, monkeys learned the task and we were able to record cell activity in the motor cortex during the task. We found that, indeed, the population vector rotated CCW from the stimulus direction to the movement direction [72, 73]—another Science cover. A comprehensive exposition of the neuronal population story was published in Science in 1993, together with the results of simulations of interactions between directionally tuned cells (figure 8) [74].
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Fig. 7.    Mental rotation of the neuronal population vector. (Science cover photograph, 13 January 1989.)




Memory Scanning

We followed up with a different task (context recall memory scanning), where a movement still had to be made in a different direction from the stimulus direction but in a context where the two directions were dissociated. In this task, visual stimuli were presented successively on a circle (list presentation phase), and then one of them (test stimulus) changed color; the monkey had to make a single motor response toward the stimulus that immediately followed the test stimulus in the list. Neural activity in the motor cortex changed abruptly from the pattern associated with the stimulus direction to the pattern associated with the movement direction without engaging the activity of cells with preference to other movement directions [75]. Thus, the differential engagement of differential of directionally tuned cells in the mental rotation and memory scanning tasks provided a remarkable insight into the neural mechanisms underlying these two distinct cognitive processes. More detailed analysis of the neural mechanisms of the memory scanning process was published in subsequent papers [76, 77].
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Fig. 8.    Directionally tuned artificial neural networks. (Science cover photograph, 2 April 1993.)




Information-Theoretical Analyses

From early on, I had been fascinated by the possibility that an information-theoretical framework could serve as a common ground expressing diverse data and their relations in an abstract, unit-free space. I had expressed this intuitive idea in a letter to Dr. Mountcastle in 1970, while discussing potential ways to quantify “information” contained in central nervous system (CNS) populations. My inspiration was the paper by Werner and Mountcastle on “Neural Activity in Mechanoreceptive Cutaneous Afferents: Stimulus-Response Relations, Weber Functions, and Information Transmission” [78]. I confess that, to this very day, that paper has been one of the most influential in my scientific career. I paid dues to that approach and published several papers on information transmission in dynamic visuomotor coordination [79], population vectors of reaching movements [80], production and visual guidance of dynamic isometric force [81, 82], and information theoretical analysis of spatial decisions in cognitive development [83] with very interesting insights into the processes involved.






Minnesota (1991–present)

In 1991, we moved to Minnesota. I was offered the American Legion Brain Sciences Chair at the University of Minnesota and the directorship of the Brain Sciences Center at the Minneapolis VA Medical Center (https://brain.umn.edu/), both of which I gladly accepted. We set up a multielectrode single cell recording laboratory and carried out four different experiments: neural coding of dynamic force, memorized delay of straight movements, memorized movement trajectory with a 90 deg turn, and motor memory scanning. In addition, my research branched in two new directions: functional magnetic resonance imaging (fMRI) and artificial neuron network modeling. At the time of my arrival in Minneapolis, the University of Minnesota had one of the three high-field magnets at 4 Tesla in the United States, directed by Kâmil Uğurbil. We connected right away on a snowy November afternoon and began a most pleasant and productive collaboration lasting to this very day. To me it was a dream come true to have a look at the human brain in action using the most advanced noninvasive technology. We hit the ground running with our first paper on motor cortical representation of finger movements published in Science in 1993 [84], followed in the same year by another paper in Journal of Neurophysiology with more detailed results [85]. As an aside, in 1992 we applied for a NIH grant to become a National BioTechnology Research Center. We had a site visit by a NIH review committee, and we were happy with our presentations. The next day, Kâmil received a call from the chairman of the committee to let him know that the committee was impressed but also that they wanted one important item cleared up before making their recommendations to the funding agency. This important question was: “Can a Turk (Kâmil) and a Greek (me) really work together?!” Of course, Kâmil and I were best friends, and Kâmil explained to them that, actually, we are both Aegean (!), and reassured them that our fruitful collaboration is to be taken for granted—it is indeed still thriving! So, our application was funded and Kâmil’s Center for Magnetic Resonance Research became a National Biotechnology Research Center.

In the mid-1990s, we used the 4T fMRI facility at the Center for Magnetic Resonance Research of the university to investigate the relations between BOLD activation and mental rotation in the human cerebral cortex. We used the standard Shepard and Metzler [86] 3-D mental rotation task. Twenty-four participants viewed two 3-D images and were asked to indicate whether they were the same or mirror images [87]. Using a hierarchical tree clustering analysis, we found that the rate of mental rotation and speed of performance were co-localized in the same branch with the right precentral cortical activation. This reinforced our original visualization of the population vector rotating in the motor cortex during performance of a 2-D motor mental rotation task. In a subsequent paper, we took advantage of the long reaction times in the Metzler and Shepard task to perform a time-resolved fMRI study and found that the width of the BOLD hemodynamic function was correlated with the reaction time, trial by trial [88]. Finally, in a motor mental rotation fMRI study [89] we analyzed voxel-by-voxel data and regressed BOLD activation against motor mental rotation angle. We found significant linear, positive associations in various areas, with overall slopes 2.4x higher in men than in women (both groups performing equally well). These findings documented the dependence of single voxel BOLD activity on mental rotation angle and pointed to a more efficient processing in women than in men, in keeping with a similar difference found in mental object construction task [90].


Visuomotor Coordination

In the early 1980s, in parallel with our research on directional tuning, we investigated dynamic eye-hand coordination by changing the location of the visual target at various times during the reaction time. In a set of trials, the target was in the opposite direction from that of the initial target. In those trials, the hand moved initially toward the first target, then abruptly changed direction and moved to the second target. Thus, the extent of the first movement was a linear function of the time for which the first light stayed on. Single cell activity in the motor cortex faithfully changed shortly after the change of target to initiate the second movement [91]. These findings documenting a continuous, online visuomotor control were in contrast with the prevailing view at that time that fast, reaching movements are ballistic in nature, emitted as a whole, and had to complete before another movement was initiated. In contrast, our findings pointed to a fluid, flexible, millisecond-by-millisecond visuomotor control.

These dynamic interactions were fascinating but I did not intend to pursue them further. However, a new encounter sowed the seed for future studies in that field. In 1984 I gave an invited lecture at an international conference on “generation and modulation of action patterns,” held in Bielefeld, West Germany. There I met two other speakers, namely David Lee, from the University of Edinburgh, Scotland, and Claes von Hoftsten, from Uppsala University, Sweden. Dave had brought with him a bottle of Lagavulin single malt Scotch whisky and invited Claes and me to share it in his hotel room amid discussion of motor control issues. Indeed, we nursed the bottle overnight and shared our ideas about visual control of movement, each bringing our own perspective to the table. I was excited to hear from Claes first-hand about the capacity of 15-week infants to reach and grasp an object moving at 15 cm/s, and of 18-week-olds to reach and grasp objects moving at 30 cm/s, at which speed the object moved twice the length of the infant’s arm [92]. Even more amazing was the predictive nature of these reaches to moving targets at that early age [93]. These findings further cemented my view that dynamic visuomotor coordination is hardwired in a fluid, seamless interaction between visual areas and the motor cortex. A different angle in visuomotor coordination was provided by Dave’s tau [τ] [94], namely the time to hit the target, given a distance d from the target and an instantaneous speed s: [image: image]. This measure has proved to be of critical importance in initiating action toward a target. By sunrise, our friendship had been established and a future research program for me was laid out. Indeed, in the mid-1990s, we carried out plenty of research into the neurophysiological mechanisms underlying the interception of moving targets [94–102], and in 2009 Dave and I coauthored a paper, first-authored by our co-advisee May Tan, on neural mechanisms of τ in the human brain as revealed by magnetoencephalography [103], research performed in my laboratory. Dave and I became lifelong friends, with several cross visits to Edinburgh and Minneapolis, which were always a perfect combination of pleasure, science, and collaboration.




Copying Geometrical Shapes


DEVELOPMENT

Copying shapes and figures is a complex process that, depending on the experimental conditions, engages the visual and motor systems in a sequential, coordinated way under direct visual guidance when the shape is presented (e.g., on a screen or a sheet of paper) or under memory-driven guidance when the shape is drawn from memory on command. However, a completed shape can be constructed by adding together nonadjacent parts, as has been reported in a patient with brain damage [104]. A different issue concerns the “goodness” of the copied shape—that is, how much a drawn shape resembles the presented template. Interestingly, in Williams syndrome the copying of even simple geometrical shapes is disturbed. This could be due to abnormal brain maturation or to a developmental arrest, in which case the imperfectly drawn shapes would resemble the drawings by young children. We tested the latter hypothesis in a collaborative study [105] with Barbara Landau, who provided us with drawings of simple geometrical shapes by older participants with Williams syndrome (6–14 years old) and drawings of the same shapes by young children (3–6 years old). We then showed pairs of the same shapes drawn by children in the two groups to human raters whom we asked to indicate in an analog scale (moving a cursor along a line) the degree of similarity between the shapes in a pair. We found that the shapes drawn by the Williams syndrome participants resembled closely those drawn by young children, indicating a developmental arrest in accurate drawing rather than a novel, qualitative abnormality [105].




NEUROPHYSIOLOGY: KARL LASHLEY

Be that as it may, shapes are typically drawn as consecutive linear, piecemeal segments. We studied the neurophysiological mechanisms of drawing simple geometrical shapes by training monkeys to copy four geometrical shapes (triangle, trapezoid, square, inverted triangle); a shape was traced on the side of a screen, and the monkey would copy it on the right side. Amazingly, monkeys traced those shapes nicely! We then recorded the activity of individual neurons simultaneously in small ensembles in the prefrontal cortex while monkeys copied those geometrical shapes, drawing them as sequences of movement segments (sides of the shapes). These segments, being of different directions, were associated with distinct patterns of neuronal ensemble activity [106]. Remarkably, these patterns were present during the time preceding the actual drawing, providing direct evidence for Karl Lashley’s hypothesis according to which, prior to emitting an action consisting of serial component parts, those parts are represented in the brain in the same sequence. In addition, an analysis of errors in copying and their neural correlates lent further support to this hypothesis: When monkeys drew a shape incorrectly by transposing component sides of the shape, that order was also present in the neural representation of the sequence prior to drawing the shape, as predicted by Lashley’s explanation of transpositional errors; typical examples include emitting a sentence (series of words) and typing (hitting typewriter keys serially), where transposition errors in typing letters would be explained as the outcome of a mix-up of their serial order in the postulated neural representation of the whole word preceding its typing. We further analyzed the relations between copying and neural activity in the prefrontal [107, 108] and parietal cortex [109, 110], and extended these studies to humans using fMRI [111, 112] and MEG [113–115].






Cognitive Operations Unrelated to Hand Movement

Starting in the late 1990s, we embarked on studying cognitive processes that were not tied to arm movements. In addition to behavioral evaluation (B), using methods of experimental psychology, we investigated underlying brain mechanisms using multielectrode neurophysiological recordings (N) in monkeys, and fMRI (at 4 and 7 Tesla) and magnetoencephalography (MEG) in humans. These studies covered a wide variety of cognitive processes, including mental object construction (B [116], fMRI [90], N [117]]), mental maze solving (B [118, 119], fMRI [120, 121]), categorical high-low judgments (B [122], N [123, 124]), exploring city maps (B [125, 126] MEG [127]) in collaboration with John Peponis, professor of architecture at the Georgia Institute of Technology, cognitive entropy (B [83]), spatial relations (MEG [128]), tactile illusions (MEG [129]), visual illusions (MEG [130]), optical flow (N [131, 132]), decision-making (MEG [133]), and language processing (MEG [134, 135]). Details can be found in the papers listed above; here I highlight some of the findings.
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Fig. 9.    The Labyrinth and the Minotaur. (Cover photograph, Journal of Cognitive Neuroscience, September 2000.)




Mental Maze Solving


PERFORMANCE

Following our first study in human subjects [118], we compared spatial attention and visual processing capabilities of humans and rhesus macaques by developing a visual maze task that both could perform [119], as follows. Maze stimuli were randomly generated and were constructed of orthogonal line segments displayed on a monitor. Each was octagonal in outline and contained a central square (the “start box”). A single (“main”) path, containing a random number of turns, extended outward from the start box, and either reached an exit in the maze’s perimeter or a blind ending within the maze. Subjects maintained ocular fixation within the start box and indicated their judgment whether the path reached an exit or not by depressing one of two keys (humans) or foot pedals (monkeys). Successful maze solution by human subjects required a minimum viewing time. Replacing the maze with a masking stimulus after a variable interval revealed that the percent correct performance increased systematically with greater viewing time, reaching a plateau of approximately 85% correct if mazes were visible for 500 ms or more. A multiple linear regression analysis determined that the response time of both species depended upon several parameters of the main path, including the number of turns, total length, and exit status. Human and nonhuman primates required comparable time to process each turn in the path, whereas monkeys were faster than humans in processing each unit of path length [119]. The data suggested that a covert analysis of the maze proceeds from the center outward along the main path in the absence of saccadic eye movements, and that both monkeys and humans undertake such an analysis during the solution of visual mazes.






Neural Recordings

We recorded neural activity in parietal area 7a during a visual maze task while monkeys mentally followed a path without moving their eyes or hand. Remarkably, recordings of single cell activity revealed very similar neural mechanisms underlying the solution of mazes in area 7a of the parietal cortex [136, 137] and the arm area of the motor cortex [137] in the absence of eye or hand/arm movements, since the motor response required was foot movement. The basic finding was the directional tuning to the path emanating from the center of the maze, irrespective of whether the path exited the maze or not (“exit status”). Figures 10 and 11 show the time course of population activity in the two areas, remarkably similar and with practically identical onset times. These findings suggest a distributed processing of maze solution. Finally, the population vector’s time course pointed in the direction of the main path, when the path was straight, but it turned when the path had a turn [138]. In summary, altogether, the direction and time course of the population vector during a memorized delay, motor mental rotation, motor memory scanning, and during maze solving all supported and fulfilled my original hypothesis and expectation that the population vector could serve as a “window” into the fine-grain brain mechanisms of dynamically evolving cognitive processes, another dream come true for me.
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Fig. 10.    Directional tuning of mental maze tracing. (Cover photograph, Cerebral Cortex, January 2004.)

The neurophysiological studies above were complemented by two studies of mental maze solving by human subjects using fMRI of the superior parietal lobule (SPL) at high (4T) [120] and ultra-high (7T) magnetic field strengths [121]. In the 4T and 7T acquisitions, 42.4% and 51.5% of the voxels were directionally tuned (an example from a single voxel is shown in figure 14), respectively, indicating a coherent tuning of local neuronal populations contributing to the change of the single-voxel BOLD signal. Preferred directions ranged throughout the directional continuum of 360°, and the population vector pointed very accurately in the direction of the maze path [120]. The ultra-high field (7T) study provided new, precise insights into the spatial representation of maze path directional tuning in human SPL. More specifically, we found that voxels tuned in similar preferred directions clustered in discrete ensembles in a honeycomb manner (see figure 15).
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Fig. 11.    Design of maze solving experiment [137].
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Fig. 12.    Directional maze tuning of the activity of a cell recorded in primary motor cortex [137].
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Fig. 13.    Time-course of population activity in primary motor cortex (solid line) and area 7a (dashed line) during the delay period of the maze task [137].
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Fig. 14.    The neuronal population vector tracing the maze exit path [138].
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Fig. 15.    Maze directional tuning of the BOLD (blood oxygenation level dependent) signal of a single voxel in the superior parietal lobule of a human participant recorded at 4T [120].




Neural Networks

In 1991 Alex Lukashin, a brilliant artificial neural network modeler, joined my team for an original and productive research project on modeling motor cortical operations using massively interconnected neural networks. We used massively, nonsymmetrically, interconnected networks and simulated annealing to model dynamic directional operations [139–141], trajectory formation (one-at-a-time [142] and in parallel [143]), exertion of force [144], and a potential neuroprosthetic controller [145].
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Fig. 16.    Mapping of the downward (±22.5°) preferred direction (reference direction; white arrow) in a single slice of the superior parietal lobule of a participant, recorded at 7T [121].




Magnetoencephalography

The new millennium rushed in with a new tool that enabled us to monitor dynamic activity in the human brain millisecond-by-millisecond in a totally noninvasive way, namely MEG. The short history of acquisition of a MEG instrument in our center is as follows. In the late 1990s, US Senator Pete Domenici expressed a strong interest in a congressional appropriation to fund research in mental health using the latest tools for evaluating brain function. He and his wife, Nancy, were very active in activities and initiatives supporting mental health. Naturally, he consulted about it with Steve Hyman, director of the National Institute for Mental Health (NIMH) regarding the status of high-end instrumentation in brain research in humans. In the MRI field, the name of the game was imaging at high magnetic field strength. At that time, there were precious few high-field 4T magnets in the country, so the purchase of a next generation, ultra-high field magnet at 7T was an obvious choice. Now, fMRI at any field strength lacks the requisite temporal resolution at which the brain works. For example, a typical simple reaction time is of the order of 200 ms: The traffic light turns red, you break ASAP, the whole stimulus-response takes less than 1 s. By contrast, a typical time interval between two successive image acquisition in fMRI (repetition time) is about 2 s, and even the currently fastest repetition time of 700 ms (in the Human Connectome data) is just too long to provide useful data for processes completed within a 200 ms reaction time. MEG is the only way to obtain noninvasively dynamic brain data on a millisecond-by-millisecond basis by measuring magnetic fields generated by the motion of ions across dentritic membranes. Gaining access to the workings of the human brain was an early dream of mine. I did my first experiments with MEG in the mid-1980s at the Applied Physics Laboratory (APL) in Jessup, Maryland, where I obtained permission for the recordings through the academic affiliation of APL with Johns Hopkins University (JHU) and a JHU-APL Program Project Biomedical Engineering grant from NIH in which I was a coinvestigator. It was a thrill to record ongoing activity from my own motor cortex, with all supporting equipment made of wood to minimize magnetic interference—a strange setup! MEG recordings from the motor cortex even with few, or even single, channels are possible because the human motor cortex is primarily located in the anterior bank of the central sulcus and the MEG signal is high when the MEG sensor is oriented perpendicularly to the dendrites of the neurons, an almost perfect arrangement. It was a very rewarding proof of principle but we could not complete a study due to limited availability of the MEG instrument. The possibility of using MEG came up again in 1990, when I was offered a position at the Center of Neural Sciences of New York University, where there existed a whole-head MEG facility directed by the pioneers in that field, Loyd Kaufman and Sam Williamson.

Then, in 1994 I was being recruited by Dr. Gerald Fischbach at Harvard, to join his Department of Neurobiology as a tenured professor. During my visits there I had long discussions with Dr. Fischbach and Dr. Hyman (who was the acting director of Harvard’s Mind Brain Behavior [MBB] Interfaculty Initiative) regarding a state-of-the art instrumentation for studying brain function in humans in health and disease. The point was that my main research using multielectrode recordings in primates would be fully accommodated at the department, but my role and contribution to the MBB initiative would best be served by establishing and carrying out noninvasive research in human subjects. There was a 3T magnet at Beth Israel Hospital and a 4T magnet at Mass General, but we needed a MEG to add monitoring of dynamic brain processing. Dr. Fischbach and Dr. Hyman were both persuaded and enthusiastic about the breadth and depth of this plan. I still have the blueprints of my proposed lab space in the Department of Neurobiology (actually next to Dr. Linda Buck’s lab). A potential space for placement of the MEG instrument was identified and an exceptionally attractive offer was made. For various reasons, my wife and I decided to stay in Minnesota but the MEG seed was sown.

By 1998, when Senator Domenici expressed interest in supporting high-end brain research for mental illness, the landscape had changed drastically: Both of the people who were recruiting me to Harvard were now at the helm of the two major neuroscience institutes at the NIH; Steve Hyman was the director of NIMH and Gerald Fischbach was the director of the National Institute of Neurological Disorders and Stroke (NINDS). Dr. Hyman was Senator Domenici’s main consultant, and I want to believe that my deliberations with him and Dr. Fischbach in the previous years contributed to the final decision that funds that the senator procured through a congressional appropriation be allocated to the purchase of ultra-high field magnets (7T) and MEG instruments. Three sites were identified to receive those instruments, namely Massachusetts General Hospital at Harvard (7T magnet + MEG; Dr. Bruce Rosen, PI), Center for Magnetic Resonance Research of the University of Minnesota (7T magnet, Dr. Uğurbil, PI and MEG, myself, PI), and University of New Mexico Medical School (4T magnet and MEG). The MEG instrument was placed in a special suite at the Brain Sciences of the Minneapolis VA Medical Center (the Domenici Research Center for Mental Illness) and the dedication ceremony was held on August 6, 2001.
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Fig. 17.    The MEG instrument at the Brain Sciences Center, Minneapolis VA Medical Center.
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Fig. 18.    100% correct classification of the MEG pattern of six diseases, as indicated (unpublished).

Based on the advice of Dr. Ed Flynn, a top expert in MEG, we purchased a state-of-the-art MEG instrument consisting of 248 axial gradiometers covering the whole head. We also recruited Dr. Art Leuthold, a MEG physicist, to manage the facility that, thanks to him, is still working like a charm 25 years later. So, my dream finally came true and with it a gradual change in my scientific directions. Although I continued pursuing basic research using MEG, as a physician by training, I always had an almost vocational interest in human disease. In parallel with basic research, I extended my focus on diseases affecting the brain. MEG measures magnetic fields down to 10–15 Tesla, about 1 billionth of the strength of the earth’s magnetic field. It is enclosed in a heavily shielded room and has been working like a charm since 2000 until this very day. We have acquired close to 4,000 MEG scans in various projects, and we are currently acquiring several scans weekly.

Obviously, the brain functions as a massively interconnected network, so the first analysis we did was to get a picture of all interactions. For that purpose, we computed all pairwise zero-lag cross-correlations (N = 30,628, given 248 sensors) and plotted them in a MEG-sensor map, with intensity scaled by their strength and keeping their sign (green for positive, red for negative). A key methodological point is that MEG time series, being acquired at 1.017 kH sampling rate (i.e., every 0.083 ms), are highly autocorrelated, in addition to the presence of trends and propagation of noise. This means that the MEG time series cannot be cross-correlated as raw data because all their internal features and time-varying dependencies will show up spuriously in the cross- correlation function (CCF). This is a well-known issue in time series analysis that was dealt with decisively in the 1970s by Box and Jenkins [146], Granger and Newbold [147], Priestley [148], and other giants in that field. The main application of time series analysis in those times was in econometrics, where, for example, relying on the wrong analysis of time series of shares in the stock market would lead to wrong decisions and potentially substantial losses.

The solution is to convert the time series to white noise (“prewhitening”) by removing autocorrelations, trends, and noise propagation, a procedure implemented by fitting an Auto Regressive Integrated Moving Average (ARIMA) model [146] and taking the residuals (“innovations”) for CCF analysis. This ensures that the CCF results reflect true associations between the two series. Alternatively, a linear regression approach can be used where the autoregressive, trend, and noise propagation factors can be specified as independent variables and, again, using the residuals for CCF analyses. By the way, these considerations hold for any kind of time series. In neuroscience, extensive work has been published on cross-correlations of fMRI time series, in the vast majority of cases without prewhitening, an unfortunate cause of potentially spurious results. In 2011, we published the correct processing and analysis of fMRI time series in a very explicit way [149] and illustrated the contrast between correct and spurious CCF, when data were not prewhitened. In a specific application, we used fMRI CCFs to discriminate brain patterns of patients with posttraumatic stress disorder (PTSD) from brain patterns of healthy subjects [150]. Applying the discriminant analysis to zero-lag correlations of prewhitened fMRI time series data (“noise correlations”) yielded a very high, correct discrimination outcome (93.3% sensitivity, 95.1% specificity), whereas applying the same analysis to zero-lag correlations of raw fMRI time series yielded only chance outcomes.

Back to MEG, in 2005 we described and applied the ARIMA model to prewhiten (i.e., convert to white noise) 248-sensor time series (N = 45,000 time samples each) and compute, using their residuals (“innovations”) 30,628 CCFs during performance of three visuomotor, shape-copying tasks [113]. Then, an intriguing observation opened the door for extensive research into brain diseases: At rest, the patterns of these 30,628 zero-lag cross-correlations were very similar across healthy subjects [151]. This close similarity of MEG brain patterns across healthy individuals provided a “normative” background to detect deviations in brain disease. This led to our most significant paper in that topic, namely the capability of MEG zero-lag cross-correlations to successfully discriminate disease affecting the brain [152]. Using a genetic algorithm, we were able to identify small subsets of these correlations (< 20) which discriminated 100% correctly (with most correct classification probabilities > 0.95) 142 brain patterns of six groups (healthy controls, Alzheimer’s disease, schizophrenia, chronic alcoholism, Sjogren’s syndrome, multiple sclerosis).




Human Diseases

From 2005 onward, we started parallel research on brain health and disease, from development to old age. In addition to fMRI and MEG as brain-directed methods and methods of experimental/cognitive psychology, we added immunogenetics (see details below), and, more recently, blood biomarkers for dementia and neurodegeneration. These approaches were complemented by recordings in neural cultures by microelectrode arrays [153, 154] and determining the effects of various factors on spreading and apoptosis in neural cultures.


POST TRAUMATIC STRESS DISORDER

The impetus for disease-related studies came in 2008, when I was provided with seed funds to investigate (using MEG) the brain mechanisms in PTSD, a disease of major concern to veterans. PTSD is the only mental health disorder with a known origin, namely the exposure to a traumatic event. Brian Engdahl, a clinical psychologist at the Minneapolis VA hospital and a long-time expert on PTSD, spearheaded the work. We identified a focus of significant difference in cross-correlations from healthy controls in the superior temporal gyrus of the right hemisphere [5], broadly corresponding to the area implicated in reenactment of old experiences in Penfield’s study [4]. We followed up with research on PTSD using both MEG and fMRI to develop methods for PTSD diagnosis and staging [150]. In one of our PTSD studies using MEG, we identified brain network changes underlying posttraumatic growth [155], a topic of perennial interest.

In subsequent studies using fMRI, we found that PTSD is characterized by increased overall cross-correlations compared with controls [156], which actually increase in strength progressively between areas further along in the sensory processing chain delineated by Jones and Powell [157]. Since only a fraction of people exposed to serious traumatic events develop PTSD, it is still an open question as to what makes some people more vulnerable than others. Predisposing experiences (e.g., abuse during childhood, previous exposures to traumatic events, etc.) certainly play a role but cannot inform the biological basis of developing PTSD. Conversely, what makes a person resilient to trauma? We identified decorrelation of the interactions of the right temporal area with other brain areas [158] as a neural mechanism of resilience to trauma. With respect to biological factors, we produced evidence that the apolipoprotein E allele Apoε2 may confer resilience [159], whereas certain immune-related alleles may confer resilience or susceptibility [8]. In 2018 we proposed a two-hit model for the biological origin of PTSD, namely a traumatic event occurring on the background of increased glutamatergic neurotransmission due to ongoing neuroinflammation [160] as a result of various possible viral and bacterial insults; the adverse effects of such insults would be reduced or neutralized by the presence of certain immune-related alleles, such as those identified in our study [8].




GULF WAR ILLNESS: A BRAIN + DISEASE

Gulf War Illness (GWI; now called Chronic Multisymptom Illness [CMI]) is a debilitating disease that has affected about one-third of the approximately 600,000 veterans enlisted during the first Persian (Gulf) War of 1990–1991. It is characterized by chronic fatigue, pain, neurocognitive/mood symptoms, and also by symptoms affecting other organ systems, including respiratory, bowel, and skin. It has afflicted deployed and nondeployed veterans, many of whom present with overall declining health over the years. In 2000 I was asked by Dr. Paul Hoffman, medical director of the Veterans Affairs Central Office, to form a committee to investigate brain-related issues of veterans suffering from GWI using a comprehensive approach. I was honored to be chosen to lead this investigation, at the center of veterans’ health, and I gladly accepted. It was an intriguing issue to investigate but also, as a VA employee, I had both a real and a moral obligation to lead this investigation. Indeed, I put together an impressive US-wide committee with multimodal expertise, including neuropsychology, MRI, positron emission tomography (PET) (for assessing brain monoamines), and MEG. The study was ready to start in 2001 but the new VA chief of research (Dr. Nelda Wray) abruptly terminated the study before it had a chance to even start; no explanation was given, a very puzzling decision until today.

Now, as fate had it, in 2013, I was asked again by the chief of the VA Research Office (Dr. Tim O’Leary) to investigate veterans’ health with GWI in general, and their brain function in particular, using MEG and MRI. Indeed, we identified neural network abnormalities in GWI using MEG [161] and, in subsequent studies, we further documented abnormalities in GWI brains using structural and functional MRI, including the presence of atrophy [162]. We identified six immune-related HLA alleles that were protective against GWI but which the veterans with GWI lacked. One of them (HLA DRB1*13:02) was particularly effective in preventing this brain atrophy [35]. Interestingly, that same allele also prevented brain atrophy in healthy women veterans across the lifespan [163]. These findings pointed to the persistence of harmful antigens against which DRB1*13:02 would be effective. We investigated this hypothesis of “persistent antigens” by assessing the effects of blood serum from GWI patients on function and morphology of brain cultures in vitro, including cultures of embryonic mouse brain and neuroblastoma N2A line [164]. Blood serum from GWI and healthy GW veterans was added, alone and in combination, to the culture and its effects on the function and morphology of the culture assessed. Neural network function was assessed using electrophysiological recordings from multielectrode arrays in mouse brain cultures, whereas morphological assessments (neural growth and cell apoptosis) were done in neuroblastoma cultures. In contrast to healthy serum, the addition of GWI serum disrupted neural network communication and caused reduced cell growth and increased apoptosis. All of these detrimental effects were prevented or ameliorated by the concomitant addition of serum from healthy GW veterans. These findings indicated that GWI serum contains neuropathogenic factors that can be neutralized by healthy serum and provided evidence for the presence of persistent antigens circulating in GWI blood that could be neutralized, possibly by specific antibodies present in the healthy serum. Since all enlisted veterans received many vaccines, we hypothesized that such harmful factors in the blood could include persistent vaccine antigens that could be harmful by themselves but which would be eliminated by the successful mounting of antibodies against them. Indeed, adding to the serum antibodies specific for vaccine antigens that the veterans received ameliorated the adverse effects of the GWI on spreading and apoptosis in cultures. The antigen contained in the anthrax vaccine administered to the veterans has been the focus of our current research in that field [165]. In recognition of this work on GWI, I was awarded in 2017 the American Legion Distinguished Service Medal (figure 19).
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Fig. 19.    The American Legion Distinguished Service Medal awarded to Dr. Georgopoulos in 2017.

The case of GWI is interesting because its symptomatology is very similar to that observed in other chronic disorders, including Myalgic Encephalomyelitis/Chronic Fatigue Syndrome (ME/CFS) and Long COVID [31, 166]. All three are chronic diseases and all have brain involvement, which is also present in another chronic illness—Post-Treatment Lyme Disease Syndrome (PTLDS) [167]. Any insight into the mechanisms involved in brain abnormalities would have major implications in a wide range of chronic conditions affecting the brain.
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Fig. 20.    Dementia prevalence decreases with increasing frequency of Human Leukocyte Antigen (HLA) allele DRB1*13:02 in 14 continental western European countries [10]. See figure 1 in [10] for flags in color.




OTHER BRAIN DISEASES

Since 2005 I have extended my research to the study of traditional brain diseases [10–33], including Alzheimer’s disease and other dementias, Parkinson’s disease, multiple sclerosis, amyotrophic lateral sclerosis, and brain cancer [10–33]. With my long-term collaborator, Dr. Lisa James, we have been pursuing during the past 15-odd years three main avenues of research, namely epidemiology, immunogenetics, and viruses. The basic rationale rests on the hypothesis that viruses are a “hit” that can trigger those diseases when other factors are present (e.g., environmental). Viral infections are handled by the immune system, with a prominent role of the adaptive immunity involving immune genes of HLA Class I (HLA-I) and HLA-II alleles. This is the most highly polymorphic system in the human chromosome, located in chromosome 6, comprising thousands of HLA molecules that code for cell surface glycoproteins that bind to viral (and other) antigens leading to elimination of the virus (HLA-I system) and initiate the production of antibodies against it (HLA-II system). Although the very high polymorphism of the HLA system ensures the success of the population in surviving viral insults, an individual carries only 12 alleles (6 from Class I and 6 from Class II), which leads to substantial uncertainty about the success of a specific individual – the outcome would depend on the specific alleles and the specific virus. Now, there is epidemiological information concerning the prevalence of a disease in a particular country, where there is also information about the prevalence (i.e., frequency) of HLA alleles in the same country as well. Lastly, there is information about how effectively a given HLA molecule can bind to a viral antigen to predict, with a degree of confidence, a successful defense against the virus. Given a disease of interest, we would like to know (a) the prevalence of the disease in a set of countries, and (b) the frequency (prevalence) of HLA alleles in the same countries (the more alleles the better). Then, we can test for associations between the two prevalences and gain an insight into the possible connection of specific alleles to the disease. Given the identification of such alleles, we can then (c) estimate in silico their predicted binding affinity to a number of candidate viruses (e.g., human herpes viruses) to generate hypotheses about the virus(es) that could be “hits” for the disease.

In the first series of our studies, we focused on 14 Continental Western European (CWE) countries, where life expectancy was practically identical, and obtained data on (a) the prevalence of dementia of the Alzheimer’s type and (b) the frequency of 127 HLA alleles (69 HLA-I and 58 HLA-II) [10]. We then computed, for each HLA allele, the correlation between the disease prevalence and the allele frequency across counties to generate an “immunogenetic profile” for the disease, where the rows are the HLA alleles and the values are the correlation of the allele to the disease; negative values would indicate a protective role of the allele, where positive values would indicate a predisposing role. In our first publication we focused on HLA DRB1*13:02 allele that we had found to be protective against brain atrophy in GWI [35] and healthy aging [163], and protective against increased neural network variability in healthy aging (see below). Dementia prevalence decreased exponentially with increasing DRB1*13:02 frequency (see figures 20 and 21). The Spearman rank correlation between dementia prevalence and DRB1*13:02 frequency in CWE countries was –0.750 (P = 0.002), indicating a robust, strong protective role of that allele against dementia of the Alzheimer’s type.

Remarkably, this association was independent of apolipoprotein E4 (apoE4) prevalence, a known risk factor for Alzheimer’s disease (partial correlation of dementia vs DRB1*13:02 prevalence, controlling for apoE4 prevalence = –0.782, P = 0.002). Doubling of the DRB1*13:02 frequency was associated with 31% reduction in the prevalence of dementia. Two more alleles with a strong protective effect were identified later (DRB1*01:01 and DRB1*15:01). Finally, we determined in silico the predicted binding affinities of these alleles to all nine types of human herpes viruses (HHV), with the highest one being for HHV6 and HHV7 [16], thus closing the dementia-HLA-virus loop. In the following years we published on the association between viruses, multiple sclerosis, and brain cancer, and the sharing of HLA immunogenetic profiles between Alzheimer’s disease and Parkinson’s disease [12], and between multiple sclerosis and brain cancer [26].
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Fig. 21.    Quantitative assessment of the data in Fig. 20 [10].






The Healthy Brain Aging Project

In 2010 we initiated a longitudinal project focused on evaluating brain health in adult women US veterans using cognitive assessment, MEG and MRI acquisitions, lifestyle (including detailed nutrition information), immunogenetic profile, apoE genotype, and blood draw for current and future tests [168]. Several published papers provide an overview of the scope of the project. In the first paper [169], we reported on the systematic effect of the apoE genotype on synchronous neural interactions (SNI) assessed by MEG, where the SNI distribution in brains with the ApoE2/2 genotype have the lowest variance and coefficient of variation, as opposed to those with the ApoE4/4 genotype which have the highest variance and coefficient of variation. From a brain function viewpoint, the variation in the neural interactions seem to be a sensitive measure of the “goodness” of brain functional status, a supposition supported by a subsequent paper from our group [170], which documented an increased variation in the SNI distribution during aging. This increased variation was prevented in carriers of HLA alleles DRB1*13:01/02 [171]. Similarly, the brain atrophy observed during healthy brain aging was absent in women carrying those alleles, predominantly the DRB1*13:02 allele [163]. With respect to blood-related measurements, we found that addition of serum to neuroblastoma cultures increased with age (independently of apoE genotype) and was significantly associated with seropositivity only to human herpes virus 5 (HHV5, cytomegalic virus), among the six HHV viruses the seroprevalence of which could be tested (HHv1-HHV6) [172]. Currently, we are measuring blood biomarkers for dementia (Aβ1-40, Aβ1-42, Aβ1-42 /Aβ1-40 ratio, neurofilament light chain, total Tau, phosphorylated Tau181, and phosphorylated Tau217). In a recent paper [173] we reported the increase of these biomarkers with age, which was steeper in the presence of HHV seropositivity. Altogether, these studies from this longitudinal project interweave with, and complement, our main approach that ties age, cognitive assessment, brain measures, and immunogenetics to blood biomarkers of the status of brain biology.




John C. Eccles

In the early 1980s I met John “Jack” Eccles at a dinner in Dr. Mountcastle’s home. Dr. Eccles was visiting Baltimore and was Vernon’s houseguest. We were immediately engaged in philosophy (!) - I was a keen logical positivist then and an admirer of Karl Popper. As it happened, he had with him the yet unpublished notes of his Dialogues with Popper and he graciously shared them with me! Their book was published in 1984 (Karl Popper and John C. Eccles: The Self and Its Brain. An Argument for Interactionism. Routledge, London, UK), a remarkable contribution to neurophilosophy. That evening, he asked me a favor: to support the journal Experimental Brain Research by submitting my papers there. He felt very strongly about the journal – after all, he was a member of its inaugural editorial board (in good company with P. Dell, D. M. MacKay, D. Ploog, J. Szentágothai, H. Waelsch, and Otto D. Creutzfeldt as editor in chief) and had published the first two papers in the inaugural issue of it in 1966! [174, 175]. Indeed I promised. I published my first cortex paper on directional tuning in the motor cortex in the new Journal of Neuroscience [176] as a contribution to our Society for Neuroscience and a tribute to Max Cowan, the editor in chief of the journal. However, most of my papers in subsequent years were published in Experimental Brain Research, keeping my commitment to Eccles.

We kept frequent contact over the years. We spent a good time discussing cortical neurophysiology and other matters in 1983, at the Schloss Ringberg (Bavaria) Conference on The Cerebral Events in Voluntary Movement: The Supplementary Motor and Premotor Areas, organized by J. C. Eccles, O. D. Creutzfeldt, and M. Wiesendanger. In 1987, while directing the neuroscience course for the medical students at Hopkins, I learned that Dr. Eccles was visiting at the Neuroscience Research Program at the Rockefeller University in New York. Now, in my course, I had arranged that the last lecture be given by a prominent neuroscientist (Walle Nauta being a frequent lecturer), so that the students get a flavor of great research. So, I grasped at the opportunity and invited Dr. Eccles to come and give that lecture – he gladly accepted! Indeed, on March 11, 1987, he delivered a vibrant, exciting lecture on “The History of Ideas Concerning the Development of Synaptic Transmission.” I had the good idea to tape it, and I routinely show it to my colleagues. In 2013 I mentioned this lecture to Gordon Shepherd during the meeting of International Neuroinformatics Coordinating Facility (INCF) in Stockholm, and he asked me to send him a copy of the tape to be deposited in some archive of the Society for Neuroscience – it may still be there. The last time I met Dr. Eccles was in 1990 in Stockholm at the meeting of the European Neuroscience Association, where I delivered a plenary lecture. At that time, I was trying to decide whether to accept the offer from Minneapolis or stay at Hopkins. I discussed this with Dr. Eccles and asked for his advice. He strongly advised me to move to Minnesota, a decision we made on Thanksgiving in 1990. His advice weighed heavily in my decision.




Gerald M. Edelman

Before ending, I want to pay tribute and dedicate this scientific autobiography to Gerry Edelman who had been my most ardent intellectual supporter since the early 1980s. I first met Gerry in 1982, at the first Neuroscience Research Program (NRP) meeting at the Rockefeller University. Gerry was very excited about the work of Nikolai Bernstein, which I also admired. Gerry complimented me on my presentation, which was published in 1984 in a volume of that meeting [57]. Our ideas about how the brain works at the systems/neural network levels were very similar, and we discussed and refined them over the years. In 1992 I was elected a NRP associate and tremendously enjoyed our regular meetings, exemplars of free thinking among diverse neuroscientists, with Gerry an incessant facilitator with razor-sharp intellect, judgment, and vision. One of those meetings was dedicated to “Prewhitening,” the basic statistical method for assessing the relations between time series, as I have discussed in a previous section. Gerry thought this was a truly fundamental tool, hence the meeting which was chaired by Tom Albright. Gerry was a keen musician, concert-level violinist, and very proud of the concert-grade, award-winning auditorium at the Neuroscience Institute in La Jolla. So, he was intrigued by my paper linking prewhitening and music [177], which further reinforced his appreciation of prewhitening as a necessary and powerful tool to discover hidden relations between time series (in any field) and, as importantly, to avoid spurious, misleading correlations. Figure 22 depicts the placement of instruments in a 2-D multidimensional scaling space, derived by correlating residuals of prewhitened time series of orchestral scores of various instruments in L. V. Beethoven’s Symphony No. 7, Movement No. 2 [177].

In 1993, by Gerry’s invitation, I delivered the Sherrington Lecture at the Department of Neurobiology of the Scripps Research Institute, one of my highest honors. The latest grand event was the celebration of the 50th anniversary of the Neuroscience Research Program, actually a celebration of Gerry’s lifelong contributions to neuroscience. The last time I saw Gerry and Einar Gall was at a meeting on the Future of Brain Research, organized by Gerry and Einar in La Jolla in March 2013, almost a year before his untimely death. He was as sharp as ever!
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Fig. 22.    Recovery of orchestral arrangements of instruments derived by correlating residuals of prewhitened time series of respective musical scores of those instruments in L. V. Beethoven’s Symphony No. 7, Movement No. 2 [177]. See text for details.

I frequently peruse Gerry’s books – all hand-dedicated to me with his black ink pen and calligraphic writing, rediscovering his insights and perspectives. But what I miss most is his calling me, all of a sudden, to discuss and exchange ideas, always an exciting wake-up call to my daily routine. Their memory still does.




American Academy of Arts and Sciences

Of all the honors I have received, my election as fellow to the American Academy of Arts and Sciences in 2002 was extra special because it gave me the opportunity to nominate to this oldest academy in the country people from other fields of Arts and Sciences, outside my professional field of neuroscience. This was in keeping with the vision of the Academy’s founders John Adams, James Bowdoin, John Hancock, and 59 other scholar-patriots who founded the academy in 1780 during the American Revolution as a way for the new republic to honor accomplished individuals and engage them in advancing the public good through the cultivation of “every art and science.” So, I am proud that I nominated, over the past twenty-odd years, diverse and top-rank persons who have made history in their fields and who were actually elected in the first round! They include jazz legends Sonny Rollins (2010) and David Brubeck (2011); legal feminist Catharine McKinnon; Elizabeth A. Long, professor of law at the University of Michigan Law School (2004); Clive Cookson, technology editor, Financial Times (2015); William Kling, president, American Public Media Group (2014); and Joan Gabel, chancellor, University of Pittsburgh (2024).






Epilogue

It has been a long, exciting journey that, luckily, still goes on. I am pleased that, essentially, I could pursue research projects with intrinsic value, implications for medicine and health, and wider applicability to other species [178–180]. I have been asked frequently what I would do if I won the lottery and became an instant billionaire: “I would do exactly the same as I have been doing!” I cannot overemphasize the foundational, sine qua non, role my research teams have had all those years. I am proud to see my team members and collaborators thriving in several institutions, carrying the torch of scientific discovery and transmitting their knowledge to their own collaborators. All said and done, I couldn’t have wished for anything else! The original inspiration of geometry miraculously materialized in every thread of my research during the past 50-odd years of my research and filled my life with revelations I would not have dreamt of in my youth, and yet I am living them now in my old age, as we speak, thanks to my wonderful team: Dr. Lisa James leads the Healthy Brain Aging Project and, together with Dr. Brian Engdahl, are the key investigators in PTSD research; Dr. Peka Christova leads research and analyses of MRI data of the Human Connectome Project; Dr. Art Leuthold still holds ably the MEG fort; Dr. George Stratigopoulos leads the biochemical and cell biological research on blood biomarkers for early detection of dementia; and Stacy Dolan (research nurse), Laura Kalipe (senior laboratory technician), and Matt Sanders (computer scientist) provide invaluable support.
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Fig. 23.    Ithaki, a Greek island in the Ionian sea, home of ’Οδυσσεύς (Odysseus; Ulysses), King of Ithaki. My picture, 1984. (Cover photograph, Journal of Cognitive Neuroscience, September 1998) [181].

Throughout my scientific career, I have been very fortunate to have enjoyed unfailing support for my research during the Johns Hopkins years in the Department of Physiology (1976–1983) and the Department of Neuroscience (1983–1991), and during the Minnesota years (1991–present) by the leadership of the Minneapolis VA Medical Center, the leadership of the University of Minnesota (especially the Department of Neuroscience and its head, Tim Ebner, the dean’s office, the Academic Health Center, and the University of Minnesota Foundation), the Minnesota Department of the American Legion, and the generous support of private individuals. I could not have wished for anything more!

Last but not least, I want to thank my wife, Lily, (with whom I coauthored an article on Cajal’s drawings [181]), and our daughters Elma and Areti for their encouragement, support, patience, understanding, and love: Simply none of my achievements in science would have been possible without them. And my thoughts are with our four grandchildren—Phineas, Lyra, Zeina, and Selena—who have been enriching our life from the moment of their birth to this very moment, now young adults and teenagers opening their wings to life’s long journey.




The Journey to Ithaka

The ultimate truth may always be elusive, but the search for it will not be dull. It’s like in Cavafy’s poem “Ithaka,” (excerpts from “Ithaka,” in C. P. Cavafy Collected Poems, translated from Greek by E. Keeley and P. Sherrard, edited by G. Savidis, Princeton University Press, Princeton, NJ, 1975, pp. 66–69), as I cited in my interview with Mike Gazzaniga [182]:

Ιθάκη (Κωνσταντίνος Καβάφης, 1911)





	Σα βγεις στον πηγαιμό για την Ιθάκη,

	As you set out for Ithaka




	να εύχεσαι νάναι μακρύς ο δρόμος,

	hope your road is a long one,




	γεμάτος περιπέτειες, γεμάτος γνώσεις

	full of adventure, full of discovery …




	Πάντα στον νου σου νάχεις την Ιθάκη.

	Keep Ithaka always in your mind.




	Το φθάσιμον εκεί είν’ ο προορισμός σου.

	Arriving there is what you’re destined for.




	Aλλά μη βιάζεις το ταξείδι διόλου.

	But don’t hurry the journey at all.




	Καλλίτερα χρόνια πολλά να διαρκέσει·

	Better if it lasts for years,




	και γέρος πια ν’ αράξεις στο νησί,

	so you’re old by the time you reach the island,




	πλούσιος με όσα κέρδισες στον δρόμο,

	wealthy with all you’ve gained on the way,




	μη προσδοκώντας πλούτη να σε δώσει η Ιθάκη.

	not expecting Ithaka to make you rich.




	Η Ιθάκη σ’ έδωσε τ’ ωραίο ταξείδι.

	Ithaka gave you the journey.




	Χωρίς αυτήν δεν θάβγαινες στον δρόμο.

	Without her you wouldn’t have set out.




	Άλλα δεν έχει να σε δώσει πια.

	She has nothing to give you now.




	Κι αν πτωχική την βρεις, η Ιθάκη δεν σε γέλασε.

	And if you find her poor, Ithaka won’t have fooled you.




	Έτσι σοφός που έγινες, με τόση πείρα,

	Wise as you will have become, so full of experience,




	ήδη θα το κατάλαβες η Ιθάκες τι σημαίνουν.

	You’ll have understood by then what these Ithakas mean.
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Melvyn A. Goodale

The great end of life is not knowledge but action.

—Variously attributed to Francis Bacon, Thomas
Henry Huxley, and Hyman G. Rickover


A Winter’s Journey

In January 1949, I left England and sailed across the stormy North Atlantic for the New World. I was five years old. Along with my mother, father, grandfather, and younger sister, I joined more than a thousand other people looking forward to a new life in Canada after the austerity of the postwar years in Britain.

Our ship was the RMS Aquitania, a flagship of the Cunard Line. Although she had been launched as a four-funnel luxury ocean liner in 1914, the Aquitania was refitted as a troop ship in World War I and then World War II, and by 1949, she was ferrying British war brides and their children to Canada under charter from the Canadian government. My family’s story, however, was quite different. My mother, Alice Bloor, was Canadian and she was bringing her English husband, and my father, Lawrence (Lawrie) Eric Goodale, back to her hometown of Calgary, Alberta. My father was most definitely not a war bride. So how did this come to be?


A Bit of Family History

My mother’s father and my grandfather, Frederick (Fred) Bloor, was born in 1886 in Silverdale, a small village in Staffordshire in the West Midlands of England. Fred was 1 of 10 surviving children of Cornelius John Bloor and Mary Ann Bloor (née Gorse). By age 21, he was working as a bottle washer in a local brewery, not a particularly glamorous job—and certainly not one with much of a future. Understandably, he was feeling restless and (according to my mother) was looking for adventure beyond England’s shores. Tales of the 1890s Klondike Gold Rush were still drawing young men to Canada. Even though gold fever had come to an end by 1899, Fred set off for Canada in 1907 in search of his fortune.

Stopping in Calgary, at the western edge of the Canadian prairies, Fred found work in construction. Jobs in the building trades were easy to come by in a fast-growing town like Calgary, which sat astride the new Canadian Pacific Railway. In 1910, he met a young woman, Hannah Reed, also a recent immigrant, in her case, not from the West Midlands, but rather from the county of Essex in southeast England, close to London. She had arrived in Calgary only that year with her younger brother and her recently widowed father, William Jubilee Reed, who had worked as a blacksmith and ship scraper in Essex. Fred and Hannah married in 1911 and settled in the northern outreaches of Calgary on the edge of the prairies. Over the next 10 years, they had three daughters. My mother, Alice Mary Bloor (born July 7, 1913), was the eldest of the three.

By the 1930s, the Great Depression had arrived. At the same time, the Canadian prairies were experiencing devastating droughts. Fred and Hannah were beginning to think that they had made a mistake in coming to Canada. In 1937, the entire family gathered up their belongings and sailed back to Britain, where they were welcomed by Hannah’s relatives in Essex. After only a few months, however, Fred and Hannah began to realize that day-to-day life in Britain was no better than in Canada, and perhaps worse, especially with the growing threat of war in Europe. So, in 1938, the whole family, with the exception of my mother, packed up again and went back to Canada.

My mother, Alice, who was then 24, had decided to stay. In the short time she had been in England, she had met and fallen in love with my father-to-be, Lawrie Goodale, whose family was friendly with the Reed’s. Alice was also enjoying life in London, where she had found a job as a secretary in the buying office of one of Canada’s largest department stores, the T. Eaton Company. It was all quite exciting.

Alice’s new boyfriend, Lawrie, was born on August 16, 1914, to John Robert Goodale and Edith Lucy Goodale (née Williams) in Stepney, an ancient district in London’s East End. But by the time Alice arrived in England, Lawrie, together with his parents and his older brother Jack, had moved into a large house in Leigh-on-Sea, a small village on the Thames Estuary about 60 kilometers east of London. When Alice’s parents and sisters returned to Canada, she moved into a spare room in the Goodale home. Alice was continuing to work at Eaton’s and Lawrie had a job in London as a warehouse foreman. They both commuted daily to central London by train.

Alice and Lawrie married in March 1940, just a few months after Britain had declared war on Germany following Hitler’s invasion of Poland on September 1, 1939. By September 1940, London was being bombed relentlessly. My mother recalled that almost every evening in Leigh-on-Sea, they could hear the drone of the German bombers flying overhead on their way to ravage London and could see the flashes and explosions as Spitfires and other British fighter planes engaged with bombers and their fighter escorts. It was a frightening time.

My father enlisted in the Royal Army Ordnance Corps in 1940, initially serving in the Territorial Army in Britain, which meant that he was able to come home when he was on leave. By then Alice was no longer working and did not have to make the somewhat perilous train journey to London every day. To be even safer, she and Lawrie decided in the spring of 1942 that she should leave the London area and move north to the cathedral city of York, which so far had been largely spared from bombing. But on April 29, after she had been there for only a few weeks, a fleet of German bombers arrived over the skies in York in the early hours of the morning. For more than ninety minutes, they dropped over 85 metric tons of incendiary and high-explosive bombs, setting the city ablaze and killing or injuring hundreds of people. This attack was one of the so-called Baedecker Raids. The story goes that Hitler was so enraged by the Royal Air Force’s bombing of the historic cities of Rostock and Lübeck in Germany that he ordered the Luftwaffe to target all the historic cities in England with buildings marked with three stars in Baedecker’s 1937 Guide to Great Britain.

Fortunately, my mother was not injured in the air raid—but she decided then and there that she might be safer after all in Leigh-on-Sea, which was neither a strategic target nor a three-star historical site (figure 1). She moved back in May 1942. I was born on January 22, 1943. By then, she and my father had moved into a small council flat on the London Road in Leigh-on-Sea. My memories of the war years are understandably almost nonexistent. I do know that my father was away for much of that period. After serving in the Territorial Army, he was shipped overseas in 1944 to France and Germany. He returned home in February 1946, an event I dimly remember.

The postwar years in Britain were tough. Rationing continued long after the war ended. Despite the day-to-day privation, I have largely pleasant recollections of that time: the hard candies that my parents somehow managed to find, helping my father dig up potatoes in our allotment, feeding the rabbits my grandparents kept in their back garden, and most of all, reading books with my mother. Unlike the homes of most other families in our working-class neighborhood, ours was always full of books.
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Fig. 1.    My mother and I sailing off the Essex coast on VE Day (Victory in Europe Day), May 8, 1945.






Canada

My parents were finding life increasingly difficult in England. They were entirely reliant on my father’s salary and with the birth of my sister, Diana, in December 1946, an even bigger strain was put on their limited finances. Letters from my mother’s sisters back in Canada described a life that seemed so much better than what they were experiencing in Britain. My parents were beginning to consider the possibility of joining them in Calgary.

Returning to Canada became a reality in late December 1948. That Christmas, my grandfather, Fred Bloor, arrived in Leigh-on-Sea with tickets in hand for the Aquitania. It was the first time he had met me and my sister. Everything that happened from the moment he appeared in our flat to our eventual arrival in Calgary is, for me, a series of vivid and surprisingly detailed memories. I remember the chocolate and the oranges he brought with him—and a View-Master that absolutely captivated me. (I wish I could say that it was the View-Master’s amazing three-dimensional photographs that sparked my abiding interest in the human visual system, but alas, the reasons I became a vision scientist are far less interesting.) But the thing that stands out most in my memories of that time is the joyful excitement that filled our flat that Christmas as we prepared for our trip to Canada.

I have isolated but enduring memories of our trip across the North Atlantic. As mentioned earlier, the Aquitania had been used as a troop ship during the war, but in 1948, she was refitted for civilian life, although the sleeping arrangements were still a bit austere. My sister and I stayed with my mother in the women and children’s quarters, while my father and grandfather stayed with the men. I remember the crowded three-tiered bunks in the large room where we slept. But in other ways, the voyage was more like a luxury cruise. Every night there were movies in the main ballroom, which I glimpsed once or twice, and, according to my parents, there was also entertainment, often provided by the passengers themselves. But most of all, I remember the crusty rolls, bacon, eggs, fresh vegetables, canned fruit, cake, and ice cream that were served at mealtimes, food items that were only infrequently available back in Britain.

On January 17, we arrived at Pier 21 in Halifax, the main gateway for immigrants to Canada at that time. But our journey was not over. Our final destination was still nearly 5,000 kilometers away. We boarded the train in Halifax and began our long journey along the Canadian Pacific Railway to Calgary. It took five days. I have few memories of that trip, but the ones I have are indelible. It was the middle of winter. I remember the clouds of steam billowing from the locomotive and the thick layers of ice covering the couplings between the carriages. I remember the dining car with its dazzling white tablecloths, big china plates, and heavy silverplated flatware.

We arrived in Calgary on my sixth birthday, January 22, 1949. I suddenly found myself surrounded by aunts, uncles, and cousins whom I had never met. One of my aunts had baked a birthday cake—and someone had arranged for an announcer on a Calgary radio station to wish me happy birthday and to welcome me to Canada. Later that day I went tobogganing for the first time along with my cousins. What a welcome.


Life in Calgary

I began school in late January 1949, shortly after I arrived. Even though I had just turned six and it was more than halfway through the year, Tuxedo Park Elementary School, located only a block from our house, admitted me into first grade because I could already read and write—and count to 100—skills I had learned in school in England. My parents tell me that I rapidly lost my English accent. When spring approached in that first year, I had to persuade my mother that I could no longer be dressed in short pants, an article of clothing that might have been de rigueur in Britain but was certainly not in the school playgrounds of Calgary (figure 2).
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Fig. 2.    Cowboy Mel, spring 1949.

But what I remember most vividly from my early years in Calgary is exploring the open prairie with its hills, valleys, sloughs, and streams, only a few short blocks from our home. The prairie landscape was populated by gophers, garter snakes, voles, deer, coyotes, and birds and butterflies of all kinds, and nearby Nose Creek was teeming with fish, although all I managed to catch were longnose suckers, big bottom feeders. I marveled at tadpoles, caddis fly larvae, and other peculiar creatures found in the small streams and sloughs.

My parents, aunts, and uncles were avid campers (figure 3). I have fond memories of camping in the Kananaskis, Banff National Park, and many other places in Alberta and British Columbia. I learned how to make a campfire; how to gut, prepare, and cook a trout; and, perhaps most important, how to roast a marshmallow to gooey perfection without it catching on fire. My parents also took my sister and me on road trips to Washington State and Oregon, where we visited my grandfather Bloor’s brothers and their families, who had settled there after emigrating from England. Many wonderful days were spent hiking through the temperate rain forests in Washington State and exploring beaches and tidal pools along the Oregon coast.

My new life in Calgary had left me completely smitten with nature and the natural world. But there was another thing that captivated me at an early age: books. My mother was an avid reader and made sure I was, too. In addition to introducing me to young people’s novels and collections of short stories, she made sure we had encyclopedias, dictionaries, and other reference books in the home. She signed me up at the local public library and encouraged me to bring home books regularly. One of my favorite genres then was science fiction, and I kept the librarians busy, signing out the early novels and collections of short stories by Isaac Asimov, Robert A. Heinlein, and Arthur C. Clarke, who were to become the known as the “Big Three.” That interest in science fiction has stuck with me my entire life.

All this attention to books and reading was amplified tenfold a few years later. When I was 11 years old and my sister, Diana, was 8, my mother went back to work, eventually managing a bookshop in downtown Calgary. This was terrific for me. I was able to spend long hours hanging out in the shop reading books and occasionally meeting famous and not-so-famous authors at their book signings. When I was a little older, I worked in the shop in the summer months.
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Fig. 3.    My dad and me camping in the 1950s.

Reading and the natural world were foundational interests in my life. One Christmas, my parents gave me a small microscope (which I still have). Soon I was exploring the microscopic world, bringing home jars of smelly pond water and discovering all sorts of microorganisms from Euglena to Daphnia. When I was a little older, I read Paul de Kruif’s Microbe Hunters, and by my mid-teens I had set my sights on becoming a bacteriologist, which not only echoed my burgeoning interest in the microscopic world but also sounded terribly scientific. By the time I finished high school, I was determined to become a doctor, but one who specialized in bacteriology. As I began my life as an undergraduate, however, all these plans began to unravel.






Undergraduate Years

I was what today would be called a first-generation student: I was the first of my extended family to go to university. I did well in high school and was lucky enough to win a City of Calgary scholarship. In September 1960, I was admitted to the University of Alberta in Calgary, which only that year had erected a new campus on the bald-headed prairie to the northwest of the city near the Bow River. Calling it a campus was perhaps an exaggeration. There were only two buildings that first year: the Arts and Education Building and the Science and Engineering Building. The big event of the winter was a snowball fight between the students in the two buildings. The big event of the spring was Bermuda Shorts Day, a tradition that still goes on today, in which students, particularly men, were encouraged to wear the eponymous attire to reduce the stigma of men wearing shorts and flowery shirts in public. It’s hard to comprehend these days how “risqué” that was at the time.

Several things happened in my undergraduate years that changed the direction of my life. One was that I discovered psychology. On a whim, I had enrolled in an introductory psychology course taught by David Schonfield, who had recently arrived in Calgary from the United Kingdom, where he had read experimental psychology and moral sciences at Cambridge. He was the only psychologist in our small university at that time, and certainly the only one I had ever met. But he was a mesmerizing lecturer (with a great sense of humor), and I became completely captivated by experimental psychology—particularly as it related to brain function.

I also had the good fortune to study philosophy with Plato. No, not that Plato, but rather Plato Mamo, who had graduated from the prestigious Leonteio Lyceum in Athens in the 1940s. Plato had emigrated to Canada in 1949, the same year as my family, and, as a young man, had studied philosophy at the University of Toronto. After finishing his doctorate, he was recruited by the University of Alberta (Calgary), where he taught several courses in philosophy, including ethics and Greek philosophy, both of which I took.

There were only three of us in the Greek philosophy course, so Plato decided to hold the weekly classes at his house in the early evening. It all seemed quite grown up and sophisticated. As we sat there in his living room, he queried us about our weekly readings, using what amounted to the Socratic method. Toward the end of the class, he would offer us each a glass of wine, a gesture which today would have almost certainly got him into a lot of trouble. But for me, and I suspect for the other two students as well, the whole experience was rather magical. We felt like real scholars.

But it wasn’t all learning and scholarship. I became completely swept up in the social life of the university. I was only 17 when I began my first year of studies, and a young 17 at that. I began drinking, smoking, and partying hard. I even grew a scraggly beard. By my third and final year, my grades had plummeted. Medical school was no longer an option. In fact, I wasn’t even certain anymore that I wanted to be a doctor (or so I told myself). I was really at loose ends, not knowing what to do with the rest of my life. I was still living at home with my parents, who were worried about me, but didn’t know how to help. And I didn’t make it easy for them. Most days, I was moody and unwilling to talk to them about my future. I did meet now and then with David Schonfield, who recognized my ennui and did his best to convince me that there were other options in life besides medicine, including graduate school. But in the end, after (barely) graduating, I decided to take a break from studies—and to leave Calgary altogether.

Much to my parents’ consternation, I left home in the summer of 1963 and took a job working on a wheat farm near High River, Alberta. I can’t remember how I got the job, but I do remember that when I showed up for work, the young farmer who had hired me, sight unseen, said he would never have taken me on had he known I had a beard. In those days, beards were rare in young men, and were associated with beatniks, poetry, jazz, coffee houses, and anti-establishment attitudes—not things typically popular with rural Albertans. But he and his young family were impressed enough with my performance over the first week that they kept me on for the entire harvest. It was exhausting work. Most days, I drove a truck alongside the combine harvester until it was full of grain, which I then took to the grain elevator in a nearby little town. Sometimes I drove the tractor, hauling straw bales back to the barn or doing some late-summer tilling. I ate dinner with the family every evening and then would stagger up the stairs to my tiny attic bedroom. I remember lying in bed trying to read F. Scott Fitzgerald’s Tender Is the Night. After only a few pages, I would fall asleep from sheer physical exhaustion. But the story and the characters have stayed with me over the years—probably because the elegant and exotic life of Dick and Nicole Diver seemed so very different from life on the farm.




Back to Britain

During those long days working on the farm, I began to think about going to Britain, not forever, but for an extended visit. I had no firm idea of what I wanted to do there, but I did know that I needed to get away. Eventually, with money from my work on the farm and with a “loan” from my parents, who were more understanding of my need to leave home than I perhaps deserved, I bought a ticket for the RMS Empress of England. After a long journey by train to Montreal, I embarked on my transatlantic journey to Liverpool in late September 1963.

I arrived in Liverpool in early October. My mother had written to my relatives in Essex to let them know I was on my way to the United Kingdom. I took the train from Liverpool to Leigh-on-Sea, where I was warmly greeted by my relatives, who were excited to meet a Canadian relative. After a few weeks living with them in Leigh, however, I had run out of interesting stories about life in western Canada, and it became clear that I was overstaying my welcome. I said my goodbyes and set off for London to look for a job and a place to stay. Fortunately, in those days, there was almost full employment in the United Kingdom and jobs were easy to come by.

Almost immediately, I landed a position as a salesclerk in Boot’s on Regent Street near Picadilly Circus in the heart of London. It was a great place to work. Most days, I would get a pint and a pub lunch with my workmates in one of the many drinking establishments in the area. I worked at Boots right through the Christmas holidays. When sales slowed down in January, I was let go. But I wasn’t unemployed for long. I got a job as a hospital porter at St Thomas’ Teaching Hospital, right across the Thames from the Houses of Parliament. The hospital is one of the oldest in Britain. Lots of famous people have been associated with St Thomas: Florence Nightingale, who in later life established the first nursing school in Britain; William Somerset Maugham, who wrote his first novel, Liza of Lambeth, while he was a medical student at the hospital; and, more recently, Harold Ridley, who invented the intraocular lens and pioneered surgery for cataract patients. My stint as a hospital porter was not nearly so notable. After minimal training, I was let loose on the patients. I took them in wheelchairs from the wards to treatment facilities and back again, turned them in bed to prevent bedsores, and helped them to the toilet.

After a couple of months working at St Thomas, I decided to move on from London and explore other parts of the United Kingdom. For one thing, I had been living in a succession of less than salubrious flats, sharing with people I had met through work. One of the last flats I lived in, just off Baker Street (of Sherlock Holmes fame), had outdoor toilets. I needed a change. Through an employment agency, I found a job in Buckinghamshire working on a rural estate during the lambing season. Because I could drive a tractor and was familiar with farm life, it turned out I was an excellent fit. Again, life on the farm was not easy. I had to get up at the crack of dawn and drive out to the fields in a tractor pulling a trailer-load of feed for the ewes. The fields were damp with heavy dew, and it was often raining. As I unloaded sacks of feed to pour into the wooden troughs, the sheep became quite excited. It was hard to keep my balance as they pushed me from behind to get at the feed. Occasionally, one of them would get between my legs, and the water in their thick wool would be squeezed out like water from a sponge and run down my legs filling up my Wellington boots. Those experiences working as a farmhand—first on a wheat farm in Alberta and then on a rural estate in Buckinghamshire—taught me a lot.

After the lambing season was over, I left Buckinghamshire, returned to London, and moved back into the same flat off Baker Street I had been sharing with friends. I eventually found a job as a laborer, hefting bags of foundry sand into the back of trucks bound for steel mills. It was backbreaking work, and my workmates were a bit unsavory. The worst part was that by the end of the day, my clothes, hair, and nether regions were completely covered in fine sand. There was no shower or bath at our flat, and after I tried rinsing myself clean in a nearby public washroom, I was banned by the cleaner who couldn’t cope with all the sand I left behind. I was fed up—not only with the job but with my living conditions. I decided that it was time to return to Canada. I wrote to David Schonfield, my undergraduate mentor, asking if there was any possibility of entering the graduate program at the University of Alberta (Calgary). When I got an encouraging reply, I immediately quit my job and, because I had an open ticket, arranged to sail back to Canada in July (it was then early June). But how to spend the rest of my time in Britain?

It was nearly summer, and the days were getting warmer. For no particular reason, other than that it sounded like a nice place, I decided to hitchhike down to Torquay, a seaside town in Devon. By the end of my first day there, I had landed a job as a dishwasher in the Osborne Hotel, a luxury hotel on a beautiful Regency-style crescent overlooking the sea. My dishwashing job put me near the bottom of the kitchen staff hierarchy. Only the pot scrubber was below me in status. But after work, kitchen-staff status was forgotten. My workmates and I explored the local pubs (when we could afford it) and had riotous parties in the staff accommodation, often on the same night.

In July, I left Torquay and headed off for Liverpool and the boat back to Canada. On the way, I stopped in Staffordshire to visit my mother’s relatives in Stone. They made me welcome but had some bad news. They had received a letter from my mother who had been unable to get hold of me since I left London. My Grandfather Bloor was in the hospital with cancer. I quickly made a collect call home. My parents were relieved to hear from me after more than a month of not knowing where I was or whether I was still alive. In mid-July 1964, I boarded the RMS Empress of Canada in Liverpool and a week later disembarked in Montreal. My parents had arranged for me to fly from Montreal to Calgary that very day, rather than taking the train. Landing in Calgary a few hours later, I had a tearful reunion with my parents and my sister. The next morning, we visited my grandfather in the hospital. He was near death, but I think he recognized me. He died on August 2, 1964, the last of my grandparents to pass.




Graduate School in Calgary

In September 1964, I enrolled in the master’s program in psychology at the University of Alberta (Calgary). David Schonfield had saved me again. He was then acting head of the department and was able to waive some of the entry requirements for me—like grades! My assigned master’s thesis supervisor was a newly arrived recruit, Roderick (Rod) Cooper, who had studied what was then called physiological psychology at McGill with Donald O. Hebb, one of Canada’s most famous behavioral neuroscientists. After graduating from McGill, Rod completed a postdoc at the Albert Einstein School of Medicine at the Bronx. In 1964, the same year I began graduate studies, Rod moved with his young family to Calgary, where he accepted a position in the Psychology Department. He remained there until his death in 2024.

In addition to me, Rod took on five other master’s students that year (figure 4). Remarkably, all of them were destined to have successful careers, with some becoming major figures in neuroscience. We became good friends and spent a lot of time together talking science and arguing politics. Some of us are still close friends today, although as we get older, we are seeing less of one another.
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Fig. 4.    Standing left to right: Michael Peters, John Pinel, me, Lance Taylor, Rod Cooper. Kneeling left to right: Brian Bland, Ian Whishaw. Notice that Rod has a cigarette in his hand. In those days, people smoked anywhere and everywhere.

Rod ran a tough lab. He was in by 8 a.m. and often didn’t leave until late in the evening—and he expected all of us to do the same. But we didn’t complain. He was a wonderful supervisor, and we felt lucky to be in his lab. Although he came across as something of a curmudgeon, that gruff exterior betrayed a kind heart and a sly sense of humor. He once asked students to compose a poem about neurons as part of their final exam. Rod was an avid tennis player and enjoyed playing pickup basketball. What I hadn’t realized at the time was that during his undergraduate years at the University of Manitoba, he was known as “Rocket Rod” on the basketball court. He and his team, the Manitoba Bisons, are enshrined in the Manitoba Basketball Hall of Fame.

As I was wondering about what to do for my master’s thesis, Rod introduced me to an issue that he had investigated some years earlier: whether the disruption of a preoperatively learned brightness discrimination following a lesion of visual cortex in the rat was due to the loss of pattern vision or the loss of a stored engram. The background to this question is interesting, and harks back to early work of Karl Lashley, Hebb’s doctoral supervisor, and Rod’s academic grandfather. Lashley had proposed that the poor postoperative performance on a preoperatively learned brightness discrimination task after removal of visual cortex was due to the loss of a stored memory rather than a disruption of pattern vision. Lashley argued that normal rats do not always rely on pattern vision and solve brightness discrimination in the same way as animals with lesions of visual cortex: namely, using luminous flux (the total amount of light entering the eye) rather than brightness (the amount of light per unit area, which requires pattern vision). Thus, he argued, the poor performance after lesions of visual cortex must be due to a loss of the engram for the discrimination task rather than a disruption in pattern vision.

I took on this question for my thesis and managed to show that the deficit was almost certainly due to a disruption of pattern vision. The paper was published in Psychonomic Science, my first publication (Goodale and Cooper, 1965). I was ecstatic. By pure luck, I had discovered a topic that I found totally captivating, and one that continues to drive my research today: how the brain allows us to see and interact with the world.

In retrospect, I must admit that our reasoning and conclusions back then were somewhat naïve. For one thing, it was becoming increasingly evident that some animals with lesions of primary visual cortex were still capable of some sort of pattern vision and visually guided movements. Moreover, there were many pathways from the eye to the brain that were quite independent of the familiar geniculostriate pathway. Across the Atlantic, Larry Weiskrantz and Alan Cowey (see volume 5) then at Cambridge were exploring the remarkable residual visual abilities of monkeys with lesions of primary visual cortex. I had no idea at the time that a few years later, I would be working with them in Oxford.




Graduate School in London, Ontario

I graduated with my master’s thesis in 1966. All of us in the lab had decided that we wanted to pursue a doctorate and sought advice from Rod. As it turned out, he had already decided to recommend us to the graduate program in physiological psychology at the University of Western Ontario in London, Ontario. John Pinel decided to go to McGill but the rest of us went off to Western. It was the Hebb connection that helped. The director of the program at Western, Gordon Mogenson, and two other faculty members, Cornelius (Case) Vanderwolf and Doreen Kimura, had been supervised by Hebb. Doreen’s other supervisor was Brenda Milner (see volume 2), who herself had been supervised by Hebb. Rod had shared offices with Gordon, Case, and Doreen during his time at McGill. So perhaps it was no surprise that we were all accepted. (It is no doubt becoming increasingly clear to the reader that neuroscience in Canada, particularly behavioral and cognitive neuroscience, was then a small and somewhat inbred community—and at the heart of it was Donald Hebb, a regular Johnny Appleseed, spreading neuroscience across the country.)

In September 1966, I climbed on the train and began the long journey to London, Ontario. I left behind not only my parents, friends, and relatives, but also my new girlfriend, Linda Craig, an undergraduate studying English and sociology at the University of Calgary. We had met at a party in the last year of my master’s program and had fallen very much in love. But now I was leaving, and we knew we wouldn’t see each other until the Christmas holidays. At least we had that to look forward to.

The first person I met at Western was Gordon Mogenson who held a joint appointment in the Department of Physiology and the Department of Psychology—and was therefore well-positioned to lead the program in physiological psychology at Western, which included graduate students from both departments. He met with all the incoming graduate students individually to work out which supervisor would be the best match for them. Gordon looked a bit like a Baptist preacher. He almost always wore a dark suit and tie and had a demeanor suggesting that he would be firm but fair. But he also had a twinkle in his eye and a subtle sense of humor. Gordon was a prairie lad like me. He had been born and raised in the small town of Delisle, Saskatchewan—but he was bright and eventually ended up at McGill. When Gordon and I met that first day, we discussed the thesis work I had carried out with Rod back in Calgary, and I expressed my interest in continuing to explore vision and the visual system. As it happened, Western had just recruited a young researcher from Bob Doty’s (see volume 3) lab, Andrew (Andy) Monjan, who had an interest in visually driven behavior. Gordon sent me off to meet Andy.

I found Andy in his office in the Department of Psychology, which at that time was housed in Middlesex College, a neo-Gothic sandstone and limestone building erected in 1960. The thing that struck me first was how young Andy looked. It turned out that he was only a few years older than me and had never supervised a graduate student before. Nevertheless, when we began to discuss possible projects, we hit it off immediately. Andy told me about a paper just published in Science by James (Jim) Sprague (see volume 1) from the University of Pennsylvania (UPenn) that was generating a lot of excitement at the time. Sprague (1966) had shown that the failure to respond to visual stimuli in the contralesional field after unilateral damage to primary visual cortex in the cat could be rescued by making a lesion in the superior colliculus contralateral to the damaged visual cortex. Sprague speculated that the initial failure to orient to stimuli presented in visual field contralateral to the damaged visual cortex was due to a depression of function of the superior colliculus on the same side because of the absence of facilitation from ipsilateral cortical input and the influx of inhibition from the contralateral colliculus. Thus, by removing the contralateral colliculus (or splitting the intercollicular commissure), the inhibition was eliminated, allowing the return of function in the remaining ipsilateral colliculus, and with it the return of relatively normal orienting behavior. This speculation about cortical facilitation and intercollicular inhibition, however, had yet to be demonstrated by electrophysiological recording. As we talked, I realized that this was a perfect topic for my doctoral thesis. In retrospect, I now realize that Andy was gently leading me to that conclusion.

We decided to test Sprague’s hypothesis in the rat rather than the cat, in part because rats were more readily available and easier to house than cats. Moreover, because we were not experienced in single-unit recording, we decided to record local field potentials, a technique that is not nearly so challenging. After some minor setbacks that first year, I was able to reliably record light-evoked potentials in the rat superior colliculus. In those initial experiments, I showed that electrolytic destruction of one superior colliculus resulted in a significant increase in the amplitude of the light-evoked potential recorded in the remaining colliculus on the other side of the brain, suggesting that there might indeed be mutual inhibition between them. So far, it seemed, Jim Sprague was right.

My electrophysiological setup was in a small windowless room on the second floor of the Collip building where those of us doing animal experiments were housed. The only downside was that the room got quite warm over the long recording sessions. There was no air-conditioning. On some days in the summer, it got so hot that I stripped down to my underwear. On one particularly warm day, the door suddenly opened and standing there was Gordon Mogenson with a group of surprised visitors. I must have been quite a sight in my underwear—my body covered in sweat with my long hair stuck to my back. Gordon didn’t miss a beat. “Oh,” he said. “This is Mel Goodale, our resident hippie,” quickly closing the door and continuing the tour. He never mentioned the incident again.

Those long days and nights of recording paid off. I was able to show that unilateral lesions of the visual cortex produced a depression of the light-evoked potential in the ipsilateral superior colliculus. In these same animals, subsequent destruction of the contralateral superior colliculus resulted in an increase in the amplitude of the collicular response to near “normal” levels. Taken together, my results supported Sprague’s hypothesis, that the activity of the superior colliculus is subject to two opposing and tonic influences: cortico-collicular facilitation and intercollicular inhibition. I had a thesis, which I published four years later (Goodale, 1973).


The Seminar

All of the grad students and faculty members in the Physiological Psychology Program were expected to attend a weekly seminar, where we gave presentations on journal papers and our research projects. Gordon and Andy were regulars, along with several other faculty members, including Case Vanderwolf and Doreen Kimura (who were then husband and wife). The seminar was a bit intimidating, and for some of us, quite terrifying. Doreen could be quite critical—but her feedback was always spot on. Nevertheless, every time I gave a talk, my heart would be pounding, and my legs would be a little wobbly. One time I lost my train of thought completely and froze. After what seemed to be an interminable length of time, but was probably only a few seconds, Doreen saved me by saying: “You were saying, Mel,” finishing my last thought for me. It was then that I realized she had the students’ best interests at heart. For an amusing and informative account of Doreen’s life and research career, see her acceptance speech for the 2005 Donald O. Hebb Distinguished Award from the Canadian Society for Brain, Behaviour, and Cognitive Science (Kimura, 2006).

One thing that both Case and Doreen would not tolerate was the assignment of abstract psychological concepts to particular brain regions. Instead, they emphasized the importance of studying the relationship between the brain and observable behavior—and by “behavior,” they meant the actual movements made by the animal (or person). Case was particularly adamant about this. In his work on the hippocampus, he studiously avoided using hypothetical concepts like attention, memory, and perception, which he believed were often ill-defined (for an affectionate tribute to Case, see Buzsáki and Bland, 2015). This somewhat Calvinistic approach to understanding the brain, in which theoretical accounts of brain function were stripped of any flowery abstractions, stuck with me—and shaped a good deal of my own thinking about the nature and function of the visual system.




Life Outside the Lab

A few days after I arrived in London, I managed to find a small apartment above a men’s clothing store on Dundas Street right in the center of town. In 1966, downtown London was a happening place with shops, bars, movie theaters, and restaurants. On Saturday night, the vibe felt very much like George Lucas’s American Graffiti. The sidewalks were full of young people, and muscle cars cruised slowly back and forth along a neon-lit Dundas Street.

At Christmas in that first year at Western, I took the train back to Calgary. My parents were somewhat shocked at my appearance. My hair was down to my shoulders, and I had let my beard grow. Long hair was becoming the fashion among some young men in the wicked east (including me), but the trend had not yet made its way to the prairies. In fact, my appearance was so unsettling to some that, when I was out with some Calgary friends, I was summarily booted out of a popular pizza restaurant. But none of that mattered. At long last, I was reunited with my girlfriend, Linda. She was impressed with the psychedelic mini dress that came in a can (yes, that was a thing), which I had bought for her in Toronto—her parents, not so much. Over that Christmas break, we made plans for her to join me back east, and later in the new year she came to London.

Linda had not yet completed her undergraduate training at the University of Calgary but was able to enroll in some courses at Western and managed to secure enough credits to get a bachelor’s degree in English and sociology. It soon became obvious that the small apartment I had rented downtown was just too small for the two of us and we moved to a much larger attic apartment in east London. In our new digs, we entertained frequently, making big pots of chili and the occasional curry. When the weather was warm, we often got together with our friends at the beach in Port Stanley on Lake Erie or the Pinery Provincial Park on Lake Huron. Life was good.




Finishing My Doctorate

In April 1969, I presented my thesis results at the 40th annual meeting of the Eastern Psychological Association (EPA) in Philadelphia. Although I was incredibly nervous (and a bit hungover from partying the night before), I managed to get through my talk at the EPA without losing my train of thought. Afterward, Alan Rosenquist, one of Jim Sprague’s younger colleagues, approached me and invited me to lunch. He was pleased to see that my research had supported Sprague’s (and his) ideas and questioned me closely about my work. Even though I was experiencing brain fog from all the drinking the night before, I managed to tell him what he wanted to know. I was quite flattered by the attention. At the end of the lunch, he proposed that I visit the Sprague lab later in the year with a view to doing a postdoc there.

In October 1969, I defended my doctoral thesis. Jim Sprague was the external examiner, and I learned later that he had submitted a glowing report. The oral exam was held in a room in the medical building where, over the years, countless other doctoral exams in medical sciences had been held. The fear pheromones lingering in the room were palpable (even today I get slightly anxious when attending a meeting there). The defense went surprisingly well, despite the fact that one of my examiners admonished me (quite correctly) for citing a paper written in German, a language that I was (and still am) completely unable to read. This was directly related to the other requirement for obtaining a doctorate in those days: demonstrating that one could read scientific papers in another language. I had chosen French and, even though I was raised in Alberta where everything French was regarded with some suspicion, I managed to translate the article I’d been assigned. Once that was done, I was a full-fledged doctor of philosophy.

Shortly after I graduated, my supervisor, Andy Monjan, left Western. Perhaps it was the experience of supervising me or perhaps it was something else, but he left conventional academic life behind and completed a master’s in public health at Johns Hopkins University. He ended up as the chief of the neurobiology of aging at the NIH before he retired. He also worked closely with NASA on incorporating research on aging into their space program—and played a role in a 1998 space shuttle mission in which former Project Mercury astronaut, John Glenn, returned to space for his second space flight at age 77, at that time the oldest person to have gone into space.

As for me, I had been infected by the research bug and knew that I wanted to continue life as an academic, but I had some potentially life-changing decisions to make. Although I was considering joining the Sprague lab at UPenn, I had also written to Larry Weiskrantz at Oxford about the possibility of doing a postdoc with him. Larry and his colleagues had recently demonstrated that monkeys with complete lesions of primary visual cortex could still perform a variety of visual tasks. Their work, which resonated deeply with my own ideas about how the visual system worked, was garnering a lot of attention. In the flimsy blue airletter I mailed to him, I expressed an interest in a postdoctoral position at Oxford, outlining my work on the Sprague effect. Just over a week later I found an airletter addressed to me in the graduate mailbox in the department at Western (mail was much more reliable in those days). It was from Larry. He encouraged me to come to Oxford, although he warned me that he had no funds to offer, and I would have to find my own salary. But, as it happened, I had already applied for a postdoctoral award from National Research Council (now the Natural Sciences and Engineering Research Council) and my application had been successful.

But there was still the possibility of working with Jim Sprague at UPenn. So, in July, a couple of months before my thesis defense, I visited his lab in Philadelphia at his invitation. The Sprague lab was impressive, and everyone I met including Jim were extremely welcoming. It seemed like a real opportunity. In the end though, the lure of Oxford was too strong. I wrote back to Larry and accepted his offer—and let Jim know that I wouldn’t be coming to his lab. I must admit that the opportunity of going to Oxford, one of the most famous universities in the world, was a powerful draw, but ultimately, it was the chance to work with Larry that sealed the deal.






The Oxford Years

In the fall of 1969, Linda and I flew to England, excited but not knowing what to expect. We made our way to Oxford by train but soon discovered the “sweet city with her dreaming spires” (Matthew Arnold, “Thyrsis,” 1866) was a difficult place to find affordable accommodation. After an unsuccessful day of looking for a decent place to stay, I rented a car and we explored possibilities in nearby towns and villages. Amazingly enough, we found a rather nice place, a detached cottage on the property of a large estate in the small village of Standlake, which was about 25 kilometers west of Oxford. Moreover, there was an efficient bus service to Oxford.

I remember clearly my first meeting with Larry. He had moved to Oxford from Cambridge only two years earlier to take up a position as head and chair of experimental psychology. A new building had been promised, but until then, the department was housed in an old three-story Victorian building on South Parks Road. Larry’s office was on the top floor. To get to his office, I had to deal with a steep staircase—and I also had to get past Judith Shingler, his secretary, who always had several dogs lying on the floor around her desk. Larry’s office was notable not only for its small size but also because the only fire escape was a knotted rope coiled beneath the window. Just how he, Judith Shingler, and three or four dogs would make it down the rope in the event of a fire was not clear.

In that first meeting, Larry and I discussed what I might do in the two years of my postdoc. As it turned out, we were both excited by a paper that had appeared in Science only a few months earlier (Schneider, 1969). The paper was remarkable, partly because the author, Gerald Schneider, was a young scientist who had only just finished his doctorate (at the Massachusetts Institute of Technology) and had managed to snag a single-authored publication in one of the world’s most prestigious scientific journals—but mainly because the data reported in the paper offered a clear and apparently straightforward account of the functional differences between the two main visual pathways in the mammalian brain. According to Schneider, the ancient pathway from the eye to the midbrain enables animals to localize a visual stimulus, whereas the phylogenetically newer pathway to the cerebral cortex enables them to identify that stimulus. Schneider’s evidence for this distinction came largely from his thesis work in which he showed that Golden hamsters (Mesocricetus auratus) with lesions of the superior colliculus were unable to localize visual targets, even though they could identify them, whereas hamsters with lesions of primary visual cortex could localize visual targets but could not identify them.

These findings paralleled Larry’s work with monkeys but offered the possibility of developing a rodent model that could be used to conduct a range of experiments that would be difficult (and definitely more expensive) with monkeys. In that initial meeting, the two of us agreed that we would first replicate Schneider’s original study and then branch out from there. Larry explained that rodent housing and testing facilities were located in a building about a kilometer away on Keble Road—and that I would have office space there as well. He also suggested that I consult Alan Cowey, his former graduate student at Cambridge, now a lecturer at Oxford, who worked closely with Larry on residual visual abilities in monkeys with V1 lesions. Over the next few weeks, I sought out Alan, ordered some hamsters, and set up shop in my new lab on Keble Road, consulting Alan regularly as I moved forward with replicating Schneider’s experiments.

Alan was not only a first-rate scientist, but he was also a gifted athlete. In his autobiography (see volume 5), he admits that as a young man he “flirted with the idea of a sporting life.” His natural athleticism and good nature came to my rescue one chilly fall evening, when he single-handedly pushed my old Wolseley, whose battery had died, down South Parks Road until it was going fast enough for me to start it by slipping it into first gear. I remember him waving and grinning in my rear-view mirror as I drove off home.

I can’t leave this part of my Oxford story without reporting another fond memory I have about my meetings with Larry. Although he had been born and raised in the United States, the many years he had spent in Oxford and Cambridge had shifted his vowels quite a bit. He sounded quite mid-Atlantic, if not English. When we got into a protracted discussion, however, my Canadian accent seemed to draw out his American—and after some time, he sounded much more like someone from Philadelphia, his hometown. On one occasion, after we had been talking for some time, either the intercom buzzed or the phone rang (I can’t remember which), and Larry answered. Immediately, his accent reverted from American to Oxbridge. I don’t think he even noticed. No matter what his accent might have been at any one time, our discussions were always stimulating. Larry often challenged my ideas, but he was always supportive and encouraging. Moreover, he loved wordplay. Conversations with him were marked not only with insightful comments on research but also with unexpected puns and other amusing verbal pranks. For more about Larry, I direct you to his biography, which I had the honor of writing shortly after his death in 2018 (Goodale, 2020).


Keble Road

Several of us were crammed into the row house on Keble Road, which had been turned into a lab and office space for graduate students and postdocs. Because of our isolation from the main building, we became a tightly knit group and spent many hours, both in the common room at Keble Road and at the nearby Lamb and Flag pub on St Giles’, talking politics, particularly about the Vietnam War and the Cultural Revolution in China, as well as science.

The hamster project in the lab at Keble Road was a complete dud. It took forever to get things set up, even with the expert help and guidance of Alan Cowey. The most frustrating thing was that the hamsters kept falling asleep in the training apparatus—and even when they were “awake,” they seemed uninterested in doing anything. What neither Alan nor I appreciated at the time is that hamsters often enter torpor, a survival mechanism that is triggered when food is scarce and the temperature falls. In retrospect, their behavior was not surprising. Not only did we have the hamsters on a food deprivation schedule but also, in the winter months, the building at Keble Road, could be quite cold. In the end, we abandoned the whole project. The upshot was that my two years at Oxford were remarkably unproductive in terms of actual research output. Even today, except for published reminiscences (Goodale, 2000, 2018), I have no scientific papers to show for my time with Larry.

But the two years I spent at Oxford were immensely stimulating. Those were heady days in Larry’s lab. He and his team had already shown that that monkeys with complete lesions of primary visual cortex (V1) could still perform a variety of visual tasks, including reaching out and picking up small objects such as raisins or discriminating among different visual patterns. We had endless discussions about why monkeys seemed to be different from humans. After similar damage to V1, patients in the clinic typically claim that they are completely blind. The disparity between the residual abilities of monkeys and humans was a real puzzle. But even as early as 1963, Larry speculated (Weiskrantz and Cowey, 1963) that the difference could be one of “seeing” vs. “experiencing.” Indeed, only a few years after I had left Oxford, Larry was able to show that if patients with V1 lesions were tested the same way as monkeys — requiring them not to tell you what they saw but to simply move their eyes and hand toward a visual target presented in their blind field — they did remarkably well (much to the patients’ surprise). True to form, Larry displayed his usual wordplay by calling this paradoxical ability “blindsight” (Weiskrantz et al., 1974). The presumption was that in patients (and monkeys) with blindsight, intact pathways from the eye to other visual structures in the brain, such as the superior colliculus, were responsible for the spared visually guided behavior observed in patients (and monkeys) with V1 lesions. This was an idea I could get behind.




Life in Oxford and a New Job

Despite my scientific disappointments, Linda and I enjoyed our two years at Oxford. We made many friends, attended a lot of parties and dinners, and spent far too many evenings in the pub (at least I did), particularly after we moved from our cottage in Standlake to a flat on Abingdon Road near the center of Oxford.

By the beginning of 1971, however, as the inevitability of the end of my postdoctoral fellowship began to sink in, I realized that I had to find a job, preferably back in Canada. But here I was on the wrong side of the Atlantic with only one publication to my name. I began a flurry of letter-writing to various universities back home and received one rejection letter after another. It was not looking good—but my luck was about to change. One day, after a meeting in one of the outbuildings behind the department on South Parks Road, Larry stopped me in the garden as I was making my way back into the main building. He asked if I would be interested in a research job that had come up at the University of St Andrews. Without thinking for even a nanosecond, I said yes. I knew virtually nothing about St Andrews, and I had never been to Scotland, but a job was a job after all.

In June 1971, I set off up north for my interview at the University of St Andrews. After a long train journey, I found myself in Leuchars railway station, about 8 kilometers from St Andrews itself. As the train pulled away, all I could see were farmers’ fields stretching off into the distance. The town of St Andrews was nowhere to be seen, and it wasn’t immediately clear how I was to get there. As I stood there on the platform somewhat bewildered, I spotted a small red dot on the horizon to the east, slowly becoming larger as it got closer to the station. It was the local bus. I followed the other passengers and boarded the bus, arriving in St Andrews about 9:30 in the evening. It was almost the summer solstice, and the sun was still high in the sky, although the streets were almost completely empty. But, at the stroke of 10, the pubs began to empty out and suddenly the streets were full of people blinking in the bright sunlight. I followed some of them to Pete’s Café at the end of Market Street, where I devoured some fish and chips, before settling down in the room provided for me in St Salvator’s Hall.

After breakfast the next morning, I made my way to the Hebdomadar’s Room in St Salvator’s quadrangle where the interview was to take place. The hiring committee, chaired by Malcolm Jeeves, head of the School of Psychology, was waiting for me. I was nervous, but all went well—even though, when asked why I wanted to stay on that side of the Atlantic, I replied that I was rather fond of England. It was perhaps not the best thing to say while being interviewed for a job at a Scottish university founded by Papal Bull in 1413. Fortunately, I did have the imprimatur of Larry Weiskrantz (and Oxford) working for me. At any rate, without much further discussion, I was offered the job. I later learned that I was the only candidate.

When I returned to Oxford, Linda and I began to make plans for our move to Scotland. She had decided that she wanted to pursue a career in social work and began to investigate opportunities in nearby Dundee, where the university had a program in social administration. We also decided it was time to make our relationship official. We were married at the Oxford Registry Office that summer and set off for St Andrews in late August in our old Wolseley.






Our Arrival in St Andrews

When we finally made it to St Andrews, we discovered that the hotels were quite expensive. St Andrews is not just a university town; it’s the “home of golf.” St Andrews’ famous Old Course can be traced as far back as the 1500s, perhaps earlier. The town caters to golfers and even the cheapest B&Bs were beyond our means. So, that evening, we pitched a tent at Kinkell Braes, a caravan site high up on a hill overlooking the town.

The next morning, I made my way to the School of Psychology and introduced myself. Everyone was welcoming. In fact, one of my new colleagues had heard we were living in a tent and kindly offered up his house, which was in the center of town. He and his wife were about to go on holiday, and it suited them to have someone looking after their place. And it certainly suited us. Within a couple of days, we found a cottage just outside St Andrews that we could (barely) afford. Linda and I soon settled into our new life. In September, Linda began her program in Social Administration at the University of Dundee, which was across the Firth of Tay about 13 kilometers from St Andrews. I began preparing for teaching and getting to know my new colleagues in the School of Psychology. We were a remarkably young group. With the exception of Malcolm, who was in his mid-forties, we were all in our twenties.

To be fair, that wasn’t strictly true. There was also Henry Ferguson, who retired the year I arrived. He had been appointed to a lectureship in 1947. When almost the entire department relocated to Queen’s College of St Andrews in Dundee in 1959, it was Henry who stayed behind and kept psychology afloat on the main Saint Andrews campus. When Queen’s College became the University of Dundee in 1967, senior administration of the University of St Andrews realized that experimental psychology, which was fast becoming a popular and influential discipline, needed to be preserved, particularly since the last standing psychologist on site, Henry Ferguson, was nearing retirement. After some consultation, they appointed Malcolm Jeeves as Foundation Professor of Psychology in 1969. Malcolm had completed his doctorate at Cambridge under the supervision of Frederick Bartlett, the university’s first professor of experimental psychology. Not long after completing his degree, Malcolm had gone off to Australia where, as a relatively young man, he established the Department of Psychology at the University of Adelaide. The senior administration at St Andrews felt that Malcolm had the background and experience to lead St Andrews’ newly established School of Psychology. Malcolm didn’t waste any time. Over the next few years, he recruited several young and talented researchers, many of whom went on to make significant and highly visible contributions to psychology and neuroscience.


Teaching at St Andrews

Even though I had been ostensibly hired as a research fellow, it soon became apparent that I was to carry a teaching load that was equivalent to that of the lecturers in the department. I didn’t mind. Malcolm had given strong hints that, if all went well, I would be “promoted” to a lectureship at the end of the year. Even so, my salary as a research fellow was certainly not equivalent to that of a lecturer. In fact, I had taken a considerable a cut in pay after leaving Oxford, where I was on Canadian dollars and earned $6,000 a year plus travel support. Indeed, as far as I could figure out, the only person who earned more than me during my years at Oxford was Larry. Fortunately, as Malcolm promised, I was promoted to university lecturer at year’s end, and my salary was increased to nearly a living wage. That year, Linda and I left the cottage at Claremont Farm and moved into a spacious university flat in town. As my salary increased over the years, we managed to buy a small house in Market Street, right in the center of St Andrews.

The two courses I taught in my first year and for several years after that were Introductory Psychology and Comparative Psychology. The Introductory Psychology course was the most intimidating. I had never taught a large undergraduate class before, and I was dreading the first lecture. I wrote the whole thing out on lined paper with lots of cello-taped corrections. The morning of the class I walked into the lecture hall at St Salvator’s to find a hundred or so students waiting eagerly for the first lecture of the year. After a brief introduction in which I explained that I was a Canadian, to prepare them for my accent, I read out my carefully prepared lecture word for word. To my horror I was finished in under 20 minutes, even though the class was scheduled to run an hour. I panicked. I couldn’t simply let them go. “Tell you what,” I said, “Let’s do that again.” And without missing a beat, I delivered the lecture once more, this time a little more slowly. To this day, I can’t understand what possessed me to do that. I could have asked them if they had any questions. I could have encouraged some discussion. Nope. I decided to give the lecture twice. The class did not seem to mind, at least outwardly. Perhaps they were grateful. Perhaps they thought this was common practice in university. After all they were first-year students. I have no idea. One thing was clear though. It was not an auspicious beginning to my teaching career.

The Comparative Psychology class went much better. There were only 20 or so students in the class and my plan was to have as much discussion as possible. Moreover, it gave me an opportunity to incorporate biology and evolution into the course material. At that time, the American tradition of comparative psychology was still dominated by the theoretical writings of comparative psychologists like Edward L. Thorndike and Morton E. Bitterman. Their approach was to study differences in the learning and cognitive abilities of different species by training them on the same basic operant tasks. Little or no attention was paid to a species phylogeny or the ecological niche it inhabited—only how rapidly they could learn a task under different training regimens. This approach stood in stark contrast to the work of European ethologists such as Nikolaas Tinbergen, Konrad Lorenz, and Karl von Frisch, who studied the complex behavior of organisms in their natural world. I was particularly influenced by the ideas of Tinbergen, who was Professor Emeritus at Oxford when I was there.

I built the course around Tinbergen’s four questions about behavior: causation (mechanism), development (ontogeny), evolution (phylogeny), and function (adaptation). The first two questions are essentially about the proximate causes of behavior and the last two are about the ultimate causes. As I have grown older, I have begun to appreciate how much his ideas have infused my thinking about the relationship between the brain and behavior.

As far as I could tell, the class enjoyed the course. We had lots of spirited discussions about the “causes” of behavior, the dangers of just-so stories, and the complex lives of honeybees, sticklebacks, and herring gulls. One student always had questions. That student was David Perrett, who, after graduating, went on to complete a doctorate at Oxford with Edmund Rolls, exploring face cells in monkey, first reported by Charlie Gross (see volume 6) at Princeton. Dave ended up returning to St Andrews, where he is now professor emeritus in the renamed School of Psychology and Neuroscience. He was only one of a good number of undergraduate and graduate students at St Andrews who went on to make their mark in research.




Collaborating with David Milner

I met David Milner shortly after arriving in St Andrews. He had been hired by Malcolm the year before I arrived. David was an Oxford man too (even more than I was; I had been just a postdoc, but he was an undergraduate there). After finishing his studies at Oxford, David spent just over a year at the Maudsley Hospital in London, where he completed a program in clinical psychology. Although he seemed destined for a career as a clinician, it was at the Maudsley that he developed a passion for research, particularly research in brain and behavior. He met George Ettlinger, who worked at the nearby Institute of Psychiatry, and often shared a coffee with colleagues at the Maudsley. Learning of David’s burgeoning interest in the brain, George suggested that David do a doctorate with him. Ettlinger was a leading figure in human neuropsychology in the United Kingdom and was also a pioneer in the use of nonhuman primate models of human cognition. After David completed his doctorate, he dallied with the idea of doing a postdoc at a nonhuman primate lab in Cambridge, but in the end, he decided to take up a lectureship that Malcolm offered him at St Andrews, where he was promised the opportunity of creating a nonhuman primate facility.

David’s research interests and mine complemented each other’s rather nicely, and we soon became fast friends and collaborators. In some ways, our friendship was unusual. David was already a family man. He and his wife, Christine, had two young boys and, not surprisingly, were homebodies. Linda and I were free of these domestic responsibilities—and spent far more time in the pub and at parties, made frequent trips to Edinburgh on the weekend, and took holidays on the continent. When David and I talked science, however, we resonated completely.

Even before David and I began to collaborate on research, I was revisiting the question I had tried to address (unsuccessfully) during my two years at Oxford: What were the respective roles of the visual cortex and superior colliculus in the control of visually guided behavior? As mentioned earlier, the original “two visual systems” model put forward by Schneider represented a significant departure from earlier descriptions of how vision worked, which had tended to treat the visual system as a single, albeit complex, entity. But even though Schneider had taken a more modular approach, the term “localization” that he used to characterize the function of the superior colliculus seemed poorly defined and vague. After all, an animal might localize a piece of food while foraging, it might localize the edge of a barrier during locomotion, or it might localize and turn away from a sudden looming shadow. Each of these disparate behaviors could be considered as localization, but not all would necessarily involve the colliculus. I suspected that lesions of the superior colliculus in the rat would interfere with rapid orientation toward or away from a peripheral visual stimulus but not necessarily other forms of localization.

To test this idea, I carried out my very first experiment in the brand-spanking new animal building, which I am proud to say I had helped design and shepherd through the Home Office’s approval process. The building was located down by St Andrews’ small harbor next to the famous Gatty Marine Lab. I was able to devise a setup that allowed me to film rats from above (not hamsters; I had learned my lesson at Oxford) as they ran back and forth from one set of nose-push doors to another at opposite ends of the apparatus for liquid food reward. One of the five doors at each end would illuminate and if the rat pushed open that door, the rat would gain access to some evaporated milk. I knew from previous work that rats with lesions of visual cortex were capable of a brightness (or luminous flux) discrimination. Here, I was interested in whether they would run directly to the illuminated door. The entire thing was automated and worked remarkably well. In a second experiment, I introduced distracting visual stimuli in the visual periphery that would suddenly illuminate as the animal ran toward the illuminated door. In carrying out these experiments, I had the help of a clever psychology honors student, Robert Murison, who went on to complete a doctorate at the University of Leicester, and is now a professor emeritus at the University of Bergen in Norway.

The results of the experiment were clear and unequivocal. Rats with bilateral lesions of the superior colliculus ran directly toward the illuminated doors, often more efficiently than unoperated animals. In sharp contrast, rats with bilateral lesions of the visual cortex had real problems localizing the illuminated door and often ran straight ahead, until they reached the wall where the five doors were located. Only then did they manage to find the illuminated one. It was a very different story with the peripheral distractors. The rats with collicular lesions were completely unfazed by the flashing light and continued to run toward the illuminated door without stopping. The rats with lesions of visual cortex were just like the unoperated controls. They oriented toward (or sometimes away) from the flashing light or froze in their tracks. As we concluded in our paper (Goodale and Murison, 1975), although the superior colliculus plays a pivotal role in orienting to (or away from) a sudden peripheral stimulus, it is not essential for the visual control of locomotor orientation. In contrast, visual cortex contributes to the guidance of locomotor movements but does not play a significant role in the control of the orienting reflex. These results made it clear that Schneider’s “localization vs. identification” distinction between the functions of the superior colliculus and visual cortex was almost certainly premature.

I conveyed my excitement about the findings with David, and as our conversations continued, we soon conceived a whole program of research aimed at investigating what the superior colliculus might be contributing to visually driven behavior. Although David’s nonhuman primate lab was up and running, the idea of collaborating on projects with rats for which the investment in time and energy was far less than it would be with macaques was enticing. Moreover, David and I shared many of the same ideas about the functional organization of the visual system, including the role of the superior colliculus in orientation and shifts of attention. We were convinced that we were on the right track and applied for a grant from the then Science Research Council (SRC) in 1973. In addition to the proposed rat work, we also included some ambitious monkey experiments. To our delight, our application was successful, but the funding was conditional on us seeking advice from Larry Weiskrantz about how best to approach the research questions we wanted to address. We dutifully made the journey down to Oxford. After a congenial meeting with Larry in which we discussed our research plans, he made some insightful suggestions, signed off on the grant, took us to lunch, and wished us well.

The work with David Milner went remarkably well. We published several papers together on the role of the superior colliculus in visually guided behavior, many of which continue to be cited. I also had the good fortune to supervise a talented graduate student, Jefferson Alden Graves, an American who had completed a master of letters in logic and metaphysics at St Andrews on a Fulbright scholarship. Although Jeff had trained as a philosopher, his real passion was the study of animal behavior, particularly in the wild. He approached me about doing a doctorate in animal behavior, but I made it clear that I didn’t feel comfortable supervising fieldwork. So, we compromised and embarked on a project looking at interocular transfer of training in the pigeon (Columba livia), a topic that certainly interested me and I hoped him as well. The experiments showed that the presence or absence of interocular transfer depended on the part of the retina that the pigeons were using to discriminate between the stimuli and thus which visual pathways were engaged (Graves and Goodale, 1977). Jeff duly got his doctorate and went on to have a successful research career in the School of Biology at St Andrews, studying behavior in a range of animal species both in the field and in the lab. For my part, I continued to work on the organization of the visual system in the pigeon well after I left St Andrews.






Back to Canada (via Cambridge, Massachusetts)

Although my academic career was going well, the same could not be said for the relationship between Linda and me. She was spending more time in Edinburgh, where she had moved to complete a diploma in social administration, and was becoming interested in psychodynamic therapy. She returned to St Andrews only on the weekends or I went to her flat in Edinburgh. I was spending more and more time working in the lab, writing papers, and drinking in the pub (perhaps more than I should have). Our lives and careers were going in very different directions. In the end, we separated. Linda moved entirely to Edinburgh, where she eventually got a position at the Royal Hospital for Sick Children in Edinburgh, and I stayed in St Andrews, a rather unhappy man.

I was becoming increasingly homesick for Canada and yearned for the life I remembered (perhaps too fondly) from my graduate student days at Western. An opportunity to visit Canada arose in 1976. I was contacted by David Ingle, who was then working at the Harvard Medical School. He had read my 1975 paper with Robert Murison and was pleased to see that our findings were consistent with the conclusions of his recent paper, “Two Visual Systems in the Frog,” which had appeared in Science in 1973. In contrast to Schneider’s much more abstract account of the functions of the superior colliculus, Ingle (1973) was quite specific in stating that different visually guided movements are linked to distinct and functionally separate visuomotor pathways from the eye to motor nuclei in the frog’s brain. According to Ingle, one set of pathways projecting from the eye to the optic tectum (homologous to the superior colliculus in mammals) mediates visually guided snapping at prey and jumping away from looming visual threats, while a separate set of pathways projecting to the pretectum, just anterior to the optic tectum, mediates barrier avoidance during locomotion. Not surprisingly, his take on the organization of the visual system made great sense to me. It appealed to my strong belief that the brain’s primary job is to generate and control an animal’s movements.

In any case, David was clearly taken with our work on visuomotor behavior in the rat and invited me to take part in a symposium on visually guided behavior that was going to be held alongside the Sixth Annual Meeting of the Society of Neuroscience in Toronto, the first meeting of the society to be held in Canada. I immediately said yes, not only because I was keen to attend the symposium but also because it gave me an opportunity to visit Western, which was only a couple of hours away by road from Toronto.

The SfN meeting was amazing. At the symposium and elsewhere at the meeting, I was able to talk science for the first time with researchers like Harvey Karten, Vivian Casagrande, and Jack Pettigrew, whose papers I had read. I also attended plenary talks by David Hubel (see volume 1), Patricia Goldman-Rakic, Walle Nauta, and other luminaries. After the meeting, I took a bus to London and visited Western, where I had been invited to give a colloquium. I was quite nervous about presenting my work to former colleagues and mentors, particularly when, in this case, they included Doreen Kimura and Case Vanderwolf. To my great relief, the talk went well—and I received a number of compliments from several members of the audience, including the then chair of the Psychology Department, Bill McClelland, who I hadn’t realized was in the audience. That evening, I went out for dinner and drinks at a local steakhouse with Doreen, Case, and several graduate students and postdocs. After dinner, some of us went dancing at a club. At that moment, I realized that my memories of life in London were pretty accurate. It was indeed a far more “happening place” than St Andrews.

I returned to St Andrews in late November, not looking forward to the long winter in Scotland where I had to turn on my office lights by 3 p.m. Not long after I got back, however, two things happened that lifted my spirits enormously.

First, the department secretary knocked on my office door and told me that I had a long-distance call from Canada. In those days, none of us had our own phone, and we had to use the one in the main office. I ran downstairs to the office, picked up the phone, and was surprised to hear Bill McClelland at the other end. He said something like: “Mel, would you like a job at Western? We have a position in physiological psychology available.” I could scarcely believe it. I was being offered a job on the phone! Without hesitation, I said yes. A week or so later, an official letter of offer arrived. The position as associate professor was to begin on July 1, 1977. What a change of fortune.

Second, David Ingle contacted me again and asked if I would be interested in working in his lab at McLean Hospital, an affiliate of the Harvard Medical School, over the summer of 1977. He said he could provide support for me. After clearing this possibility with Bill McClelland, I said yes. My teaching at Western was not scheduled to begin until September, and Bill thought that spending some time in Ingle’s lab would be good for me.

As the summer approached, I said my goodbyes to my friends and colleagues at St Andrews. David Milner and I agreed that we would keep collaboration going, even though we would be separated by the Atlantic. For one thing, our SRC grant had been renewed for another couple of years. Little did I know then that our work together would not only flourish but also last a lifetime.

In July 1977, I flew to Boston. David Ingle picked me up and put me up for the night at his place in Cambridge. The next day he took me to a small apartment on Massachusetts Avenue that a grad student, who had gone off to California for the summer, had generously offered as a place for me to stay. It was not the most salubrious of apartments. It was rather small with little natural light, sat right over an ice cream shop, and was infested with cockroaches—but it had two enormous advantages: It was free and it was just a stone’s throw from Harvard Square. I had a great two months exploring the bookshops, restaurants, and bars in the square—and getting to know the Harvard campus.

David’s lab was based in McLean Hospital in Belmont, made famous by Susan Kaysen’s 1993 memoir, Girl, Interrupted, later adapted as a movie starring Winona Ryder and Angelina Jolie. The lab was in the basement of one of the hospital buildings. David was still working with frogs but had also begun to study behavior in Mongolian gerbils (Meriones unguiculatus), the same animal found in pet stores. I often wondered what some of the patients would have thought had they wandered into the building’s basement where one could hear the croaking of frogs and the scrabbling of gerbils.

The two months I spent in Cambridge were not enough to conduct experiments, but David and I had lots of time to talk about the organization of the visual system and where the field was going. I was also able to help David and one of his colleagues at Harvard, Richard Mansfield, plan a meeting on some of the recent advances in the study of visually guided behavior, which was held a year later at Brandeis University. Speakers included Jörg-Peter Ewert, Tom Collett, Barrie Frost, Jacques Paillard, Marc Jeannerod, David Lee, Jim Sprague, Paul Dean, Giovanni Berlucchi (see volume 8), and many other leading vision researchers. The presentation I remember best was given by Leslie Ungerleider, entitled “Two Cortical Visual Systems,” which she later published with her postdoctoral supervisor, Mortimer Mishkin, in the conference proceedings of the meeting (Ungerleider and Mishkin, 1982). Leslie proposed a functional distinction between the two prominent “streams” of visual pathways arising from early visual cortex in the primate brain that was reminiscent of the earlier distinction put forward by Gerry Schneider between visual cortex and the superior colliculus. According to Leslie and Mort, “The ventral or occipitotemporal pathway is specialized for object perception (identifying what an object is), whereas the dorsal or occipitoparietal pathway is specialized for spatial perception (locating where an object is).” This idea was to have a profound effect on my own thinking about the organization of the cortical visual pathways a decade later.




Returning to Western

At the end of the summer of 1977, I set off for the University of Western Ontario, not knowing at the time that I was to spend the rest of my academic life there. The campus had changed enormously over the eight years I had been in the United Kingdom, with several large buildings now filling spaces that had been open fields in 1969. The Department of Psychology was no longer in Middlesex College but was housed on the top floors of a new nine-story building, the Social Science Center (SSC). The SSC had been built in the concrete brutalism style, like so many university buildings in Canada and elsewhere that were being erected in the early 1970s. Psychology departments were expanding rapidly at the same time and hence were commonly found in such buildings. But I couldn’t complain. I was assigned a large office and had more than adequate lab space and animal housing.


Early Research with Animals at Western

Having become familiar with gerbils in David Ingle’s lab, I was determined to use them as my animal model for studying the visual control of movement. They offered a couple of big advantages over rats: They have nearly twice the rat’s visual acuity and most important they don’t freeze when an unexpected noise occurs. Thus, they were better suited for experiments on vision and did not waste precious film by “freezing on set.” I soon discovered that they had another huge advantage, particularly for me: I was not allergic to them. Like a lot of researchers who worked with rats, I had developed a strong allergy, including breathing problems and contact dermatitis. I had to be very careful to limit my time in the same room as rats and to wash my hands regularly after handling them. Not so with gerbils. I had no sign of any allergies whatsoever, and I soon had several lines of research going.

In the first series of experiments, I looked at the effect of lesions of the superior colliculus, the pretectum, and the primary visual cortex in a range of different visually guided movements in the gerbil, including running toward targets in an open arena, barrier avoidance, and reflexive orienting toward peripheral stimuli. The results of these experiments converged nicely on our earlier work in St Andrews (for a review of all the gerbil and rat experiments, see Goodale and Milner, 1982). In a later set of experiments with Colin Ellard, an exceptionally bright doctoral student, I explored the role of the brainstem projections from the gerbil’s superior colliculus in the avoidance of an overhead visual threat, orientation toward a visual stimulus, and negotiation of a large barrier (Ellard and Goodale, 1988). In all these experiments, we used cinematography and, later, videography to record the animals’ movements. Taken together, the results of all our experiments in the rat and gerbil made it clear that the functional organization of the subcortical visual pathways in the mammalian brain is remarkably similar to what is seen in the amphibians, again reinforcing the idea that different classes of visually guided behavior are mediated by separate visuomotor pathways—and that this organization is phylogenetically ancient. I should add that Colin is now professor emeritus at the University of Waterloo, where he carries out research that sits at the intersection of psychology, architecture, and urban design. I like to think (perhaps fancifully) that his early work on the “visual ecology” of the Mongolian gerbil shaped his thinking about how the urban landscape affects human behavior.

In those early days at Western, I continued to analyze the data that Jeff Graves and I had collected on how scanning patterns in pigeons affect interocular transfer (Goodale and Graves, 1980). At the same time, I began a new project at Western, in which I used high-speed cinematography to analyze the sequence of head movements made by pigeons pecking at small visual targets and to determine where on the retina the target fell at different points in the sequence (Goodale, 1983a).

This approach to the study of the visual control of an animal’s movements stemmed from my conviction that vision evolved initially for the distal control of action, an idea largely ignored by most visual neuroscientists, who were focused instead on its role in perception and our cognitive life. I set out this view in a book chapter (Goodale, 1983b) titled “Vision as a Sensorimotor System,” which appeared in Behavioral Approaches to Brain Research, edited by Terry Robinson, a former graduate student of Case Vanderwolf. In that chapter, I wrote: “Most contemporary theories of perception share with Descartes the view that the function of the visual system is to provide us with an internal representation of the outside world and the objects and events within it, [resulting] in a theoretical stance and a methodological tradition that have limited our understanding of how the neural pathways comprising the visual system are organized.”

I was convinced that a complete understanding of our visual system would also require going well beyond studying performance on perceptual tasks. Yet, with the notable exception of eye movements, which were typically regarded as an information-seeking adjunct to perception, little attention had been paid to the role of vision in the control of our actions, particularly movements of our hands and limbs. This problem was compounded by the fact that motor physiologists studying limb movements typically regarded vision as a black box that delivered the requisite information. The notion of dedicated visuomotor pathways was not something that was being explored. In fact, 30 years ago, there was a sharp division between research on sensory and motor systems in classical psychology and physiology. The chapters in undergraduate textbooks dealing with vision were quite separate from those discussing motor control, and similar divisions existed in scientific societies and journals. The occasional meeting brought together researchers from both fields but, in general, research on the visual and motor systems were largely isolated from one another. These considerations led me to embark on a research journey in which I moved from using animal models of the human visual system to studying humans themselves. Amid this change in research direction, my life was changing in other ways as well.






True Romance

Returning to my alma mater, I reconnected with old friends and made new ones. Like many psychology departments in the 1970s, the department at Western was in a rapid-growth phase. It turned out I was not the only one hired on the phone. There were a lot of young faculty members and, not surprisingly, a lot of social events. On Friday afternoons, we typically repaired to the Faculty Club or the newly established Graduate Student Pub in the old cafeteria in Middlesex College. Bill McClelland, the chair of the department, hosted an (in)famous welcome-back party at the beginning of the fall term, and an annual Halloween party was hosted (fittingly) by the social psychology area.

It was at one of these Halloween parties in 1979 that I met a smart and beautiful young woman, Joan Finegan, who was then a graduate student in the social psychology area. She came as a flower dressed in green leotards with white cardboard daisy petals arranged around her face. I, perhaps appropriately, came as an Anglican missionary from the South Pacific dressed in a white linen suit, black shirt, clerical collar, and a Panama hat (think Somerset Maugham’s 1921 short story Rain). We immediately found ourselves attracted to one another and from that evening onward our romance began—and has continued to this day. Nearly 50 years later, we have three wonderful children and four grandchildren (with perhaps more to come).




Research with Humans

Although I had been working with animal models of visuomotor behavior for more than a decade, I was determined to extend this approach directly to humans—skipping the modeling part. An opportunity came when Doreen Kimura helped me secure a small room on the seventh floor of University Hospital where I could test in-patients in the neurology and neurosurgery wards. Calling it a room is a bit of an exaggeration; it was more like a broom closet. But it was big enough to house some equipment for recording eye and limb movements, a patient in a wheelchair, and a single experimenter.

I had just recruited a new graduate student, John Fisk, who had some experience recording eye movements and was keen to use his skills to study eye-hand coordination in visually guided reaching, first in healthy volunteers and then, if everything went well, in patients with right- vs. left-hemisphere strokes. In the first experiment with healthy volunteers, we showed that the timing of pointing movements to a visual target determined the timing of the saccadic eye movement preceding the limb movements (Fisk and Goodale, 1985). This finding laid the groundwork for later work in our lab (and others) on target-directed reaching.

Although this initial experiment went reasonably quickly, the same was not true for the experiment with patients (Fisk and Goodale, 1988). I was used to experimenting with rodents and pigeons, where one could be reasonably confident that once an animal was placed in the apparatus it would complete the testing session. I soon discovered that this was not the case with patients. First, there was the problem of calibrating the eye tracker. It took far longer than with healthy volunteers. Second, there were the constant interruptions. Often, after spending 20 minutes or more calibrating the equipment, the patient would announce that they had to visit the restroom. Once they were done, I would have to go through the whole process of calibration again. Then, halfway through testing, which had already been delayed, an orderly would arrive to take the patient to scheduled physiotherapy. After a particularly frustrating day of testing, I apparently remarked to Joan that I was fed up working with patients and that I was going to go back to working entirely with animals. But in the end, I persisted, gaining a new respect for neuropsychologists.




Neuroscience Around the World

In late 1981, I was excited to receive a letter from Marc Jeannerod, then director of the Institut National de la Santé et de la Recherche Médicale (INSERM) Unité 94 in Bron (a commune of Lyon), inviting me to take part in a workshop on spatially oriented behavior that he and Alan Hein were organizing in Lyon the following year. I quickly wrote back accepting the invitation. I had met Marc at the meeting David Ingle had organized in Brandeis University, but that was not the first time our paths had crossed. Our first encounter nearly 10 years earlier was rather embarrassing, at least for me.

When I was at St Andrews, Hans-Lukas Teuber, head of the Department of Psychology at the Massachusetts Institute of Technology, came for a visit in early 1972 at the invitation of Malcom Jeeves. During his talk, Teuber mentioned the work of Gerry Schneider. At the reception afterward, I shared with Teuber my doubts about Gerry’s account of the function of the superior colliculus. Teuber not only listened attentively, but he suggested that I attend an upcoming meeting of the International Neuropsychology Symposium (INS), where he was chairing a session on subcortical vision. I knew nothing about the INS, which (I learned later) is essentially a private, invitation-only, group that meets in June every year, usually somewhere in the Mediterranean.

Teuber told me when and where the meeting was being held and encouraged me to come. He assured me that it would be okay. So, in June 1972, together with a couple of friends, I set off by car for the small town of Puyricard, near Aix-en-Provence, where the INS meeting was to be held. The plan was to have a camping holiday during which I could attend the INS meeting. After we set up camp nearby, I showed up at the hotel where the meeting was being held. I wandered about the place, eventually found the meeting room, and sat quietly in the back during the first session, which, as I remember, was on the comparative neuropsychology of human and nonhuman primates. It was a terrific session. During the coffee break, I was approached by an elegant and soft-spoken Frenchman, who turned out to be Marc Jeannerod. He was the local organizer of the meeting. Marc politely asked me who I was and why I was there. As I told my story, it soon became evident that Teuber had failed to mention that he had invited me. My guess is that he forgot. Marc gently explained that the meeting was for members and invited speakers only. He was sympathetic to my situation, however, and agreed to turn a blind eye to my presence. At Teuber’s symposium, I was able to raise my misgivings about Gerry Schneider’s characterization of the functions of the superior colliculus. So, all was good in the end. Moreover, I had the distinction of being the only one at the meeting staying in a tent.

Ten years later, things were different. This time I was an invitee at the workshop in Lyon, and I wasn’t staying in a tent. Marc had arranged to hold our workshop in the home of the Frères Lumière, who were pioneers in cinematography. The building, now a museum, is stunning, decorated in both art nouveau and art deco style. The workshop was excellent with an impressive lineup of speakers, including Ken Nakayama, Bruce Bridgeman, Emilio Bizzi (see volume 6), Richard Held (see volume 6), Len Matin, Peter Hoffman, David Sparks (see volume 12), and, of course, Alan and Marc (for the proceedings, see Hein and Jeannerod, 1983). Our social dinner took place at the country estate where Claude Bernard, widely regarded as the father of modern physiology, was born. The estate still produced its own wine (Claude Bernard’s father was a winemaker), which was served at our dinner. All in all, it was a memorable meeting. It was at this meeting that I raised with Marc the possibility of spending some time in his lab in Lyon during my upcoming sabbatical in 1983. He kindly agreed.

When I returned home and discussed this with Joan, we began to put together a rather bold plan. She and I had already decided to get married and had scheduled our wedding for October 1982 (figure 5). We were thinking about some sort of extended honeymoon starting in the new year while I was on sabbatical. So, we came up with the idea of spending the entirety of 1983 circumnavigating the globe, ending up in Lyon in the fall before returning home for Christmas. The notion was that while I was working in the lab, Joan would work on her doctoral proposal.

[image: image]

Fig. 5.    Wedding day, October 8, 1982.

We found an understanding travel agent, who secured for us two round-the-world tickets, a fat booklet of airline coupons that we could use to purchase tickets from almost any airline as we traveled west from Toronto until we arrived back again from the east. We could fly to any destination with an airport, provided we didn’t backtrack. In those days, there was no internet, and almost no businesses accepted credit cards. I had an American Express card, which allowed us to pick up mail in their offices in major cities and to cash a cheque every three weeks for $1,000 in local currency. Otherwise, we were dependent on traveler’s checks.

Our plan was to fly first to Australia, where I had arranged to spend some time in Jack Pettigrew’s lab at the National Vision Research Institute (NVRI) at the University of Melbourne. I was familiar with Jack’s work on binocular processing in the owl, which resonated with my own work in the pigeon. I thought that I could learn a lot by spending some time in his lab—and it would give us a great opportunity to explore Australia.

On December 26, 1982, we set off, with nothing but two large backpacks and considerable excitement. We took our time getting to Australia. Our first port of call was Tahiti, where we spent a few jet-lagged days before flying to Bora Bora for New Year’s Eve. After that, we flew to Rarotonga in the Cook Islands. These three destinations were the only ones where the travel agent had booked hotels for us. After that we were on our own. We left the Cook Islands for Fiji, and then New Zealand, before arriving in Australia at the end of January 1983.

We were picked up at Melbourne airport by Barrie Frost, a friend and colleague from Queen’s University in Canada, who by coincidence, was also spending a sabbatical in Jack Pettigrew’s lab. Barrie drove us to a lovely apartment near the NVRI where Jack had arranged for us to stay. It was a treat to have so much space—and a kitchen—after spending a month living in hotel rooms or camping.

I met Jack in his lab the next day. I had been forewarned that he was a larger-than-life character, and Jack didn’t disappoint. He had a huge bushy beard, was wearing shorts, and almost immediately asked me lots of questions about my research—all the while showing me around his lab, which was crammed with pieces of equipment, books, and papers with no evident organization. Jack always wore shorts—even when he was invited to speak at the Royal Society of London. The only time I (and others in his lab) remember Jack in anything but shorts was toward the end of our stay in Melbourne, when, as a joke, he wore an impressive black suit, white shirt, and a tie for his farewell talk just before leaving to take up the chair in physiology at the University of Queensland. Jack might have been a character, but he was a wonderful host. Joan particularly remembers him pointing out all the different constellations, including the Southern Cross, while we were standing in his backyard one night looking at an unfamiliar sky. Sadly, Jack was killed in a car accident in 2019. For more about Jack, see this tribute from his good friend and colleague Mike Calford (2020).

During the four months I spent in Jack’s lab, I worked mostly with Barrie, who, like Jack, was an expert on avian electrophysiology and behavior. After some discussion, we decided to see if we could locate neurons in the visual Wulst of the pigeon that were sensitive to visual stimuli presented to the red field. The red field is a specific region in the upper temporal quadrant of the pigeon retina that has a high density of red and orange oil droplets in the photoreceptors, a feature that is thought to enhance color vision. The red field corresponds to the pigeon’s high acuity binocular field in front of and below the beak and is believed to play a critical role in detecting and pecking at small objects (Goodale, 1983a). After some unsuccessful exploration of visual activity in the Wulst to stimuli presented on a conventional projection screen some distance away, we had the bright idea of presenting the visual stimuli 10 to 15 centimeters from the pigeon’s eye, at roughly the same distance a seed or other piece of food would typically be located as a pigeon foraged. Now we were able to record neurons reliably, although we were surprised that we did not find many binocular cells. We reasoned that in our anaesthetized preparations, the binocular overlap was only around 20 degrees, whereas in the alert pigeon the converged eyes doubled the overlap to more than 40 degrees. We speculated that monocular processing might be favored when the eyes are diverged, even though there is still some binocular overlap. Unfortunately, we were unable to follow up on this idea. Barrie’s stint at the lab and mine were coming to an end, and Jack was preoccupied with moving to the University of Queensland. Nevertheless, Barrie was able to present our work at the 1983 Society for Neuroscience meeting (Frost et al., 1983).

Joan and I took full advantage of our time in Australia, exploring as much of the country as we could, including the spectacular coastline along the Southern Ocean, the arid outback of the Flinders Ranges, and the lush tropics of northern Queensland. We experienced some remarkable and frightening events as well, including the Melbourne Dust Storm on February 8, 1983, when red soil, dust, and sand from central Australia were swept up in high winds and carried southeast toward Melbourne and southeastern Victoria. The dust storm was followed only eight days later by the Ash Wednesday Bushfires that raged through Victoria and South Australia fanned by 110-kilometer per hour winds that created deadly firestorms. The whole sky above Melbourne turned orange, and ash covered the trees, buildings, and parked cars throughout the city. More than 70 people died along with more than 300,000 sheep and cattle and countless kangaroos and other native fauna. It was truly terrifying. Yet only six weeks later, bright green leaves were sprouting from the blackened trunks and branches of the burned eucalyptus trees.

By the end of May, Joan and I were ready to continue our circumnavigation of the globe. But first we planned to visit Cairns and points beyond in Australia’s tropics. We said goodbye to the NVRI crowd and set off for Queensland in a rental car, making it all the way to Port Douglas north of Cairns where the paved road ran out. We camped all the way, returning to Sydney mid-June to catch our plane to Singapore. From Singapore, we went to Hong Kong, Thailand, and then India. We arrived in Delhi to find temperatures hovering well over 40 degrees Celsius. Despite the heat, we managed to visit the Taj Mahal and other famous sites near Delhi, before escaping to a houseboat on Dal Lake in the Vale of Kashmir in the Himalayas. After a couple of weeks living like the Raj (and recovering from the inevitable E. coli infections that plague tourists in India), we left for Egypt. We visited the pyramids at Giza on the edge of Cairo, before taking the “European train” to Luxor where we rode bicycles to the temple of Hatshepsut and hiked over the hills to the Valley of the Kings. It was an incredible trip—one that would be difficult to replicate today as the world has become much more dangerous.

After Egypt, we flew to Athens and then took a ferry to Serifos, an island in the Aegean, where we spend an idyllic three days, before flying to Dubrovnik in the then Yugoslavia. Dubrovnik was nothing like it is today: no tour groups, far fewer souvenir shops, and much less crowded. There were also no holes in the city walls from artillery shells.

In mid-August, we left Dubrovnik and flew to Hungary, which was then part of the Soviet bloc. I had already contacted György Buzsáki (see volume 13), at the University of Pécs (a venerable institution founded in 1367). I had got to know György a couple of years earlier when he was a postdoc with Case Vanderwolf at Western. György was waiting for us when we landed at Budapest airport. He immediately whisked us off to the center of the city and gave us a whirlwind tour of the major sites. Later that same day we met his lovely wife, Veronika. They were wonderful hosts during our short stay in Budapest, making sure that we sampled the best of Hungarian fare. They took us to several iconic restaurants, including Ménes Csárda (loosely translated as the Horses’ Tavern), where György regaled us with stories from Hungary’s long and complicated history, including occupation by the Turks and the Soviets. They also revealed that they were planning to leave Hungary and were actively exploring the possibility of working in the United States. So animated was our conversation that we closed the place.

The next morning, György drove us to Pécs where I was to give a talk to the Department of Physiology. I was a bit nervous because I was going to have to give the whole talk without slides. In the end it went well. In fact, I found it quite liberating to give a talk without slides—in large part because it ended up being more of a discussion than a formal presentation. It should happen more often.

The next day, we returned to Budapest to catch our flight to Paris. György asked if we would mind taking some of his belongings to Paris, where a friend there would collect them in anticipation of their move to the United States. He proceeded to give us two large suitcases, one of which I could barely lift. It was jam-packed with reprints that György had accumulated over the years. He was loath to part with them. I tried to explain to him that once he was in the States, he would be able to photocopy any paper he liked. In Hungary at that time, few people had access to photocopying machines, presumably because the authorities were afraid that people might use them to print anti-Soviet newsletters or posters. In the end, he understood, and with great relief on our part, we left that suitcase behind.

In Paris, we picked up a new Renault, which we had leased for our four months in France, and set off for Lyon. After a few frustrating days locating rental properties in France, we found a nice apartment in Caluire-et-Cuire, a commune of Lyon situated between the two rivers that flow through the city, the Rhone and the Soane. After we had settled in, I made my way to the INSERM unit in Bron. Marc welcomed me, set me up in a nice little office, and introduced me to Claude Prablanc, an INSERM research scientist, with whom I would be working directly. We also had the help of a graduate student, Denis Pélisson, who was destined to become the director of the institute a couple of decades later. We spent the next week or so figuring out how we might best explore the role of visual feedback in the control of aiming movements. It was a straightforward problem, ideally suited to a four-month visit. According to popular models at the time, the first part of an aiming movement is ballistic. Later corrections are based on dynamic visual feedback about the relative positions of the hand and the target. To put this account to the test, we designed a series of experiments to determine whether the trajectory of the moving hand would be influenced by sudden changes in target position during the execution of the aiming movement, even when the hand was not visible.

To do this, Claude devised an ingenious setup that allowed the experimenter to compute the velocity of the eye movement and use that information to change the position of the target the moment the saccade reached peak velocity. The trajectory of the aiming movement was reconstructed from a photograph of a flashing infrared light-emitting diode attached to the participant’s finger. The target was presented through a half-silvered mirror that prevented the participants from seeing their moving hand. The results were clear and unequivocal. Participants could adjust the trajectory of their aiming movement in response to a relatively large and unpredictable change in the position of the target, even though they could not see their moving hand. But something even more startling happened in these experiments that foreshadowed my future work on the organization of the human visual system.

Some of the participants commented that they never saw the target change position. Some did not believe that the target ever jumped. Nevertheless, they always corrected their aiming movement. This led us to carry out a two-alternative forced choice experiment in which we again jumped the target randomly on half the trials, but this time we simply asked the participants whether the target had jumped or remained in its original position. The participants had no idea; their guesses were completely at chance. As we concluded in the paper that emerged from this work, the results suggested that “the neural mechanisms mediating the perception of target position can be dissociated from those mediating visually guided reaching movements directed at that target” (Goodale et al., 1986). In some ways, what we observed was reminiscent of blindsight, but in neurologically intact observers, not in patients with V1 lesions.




Life in Lyon

Not only was the science excellent in Lyon but also the city itself was a delight, as was the surrounding countryside. Joan and I spent many hours exploring the different neighborhoods, including the many restaurants that helped make Lyon the gastronomic capital of France. We drove through Beaujolais and Provence, and on one memorable long weekend in October, we joined a group of friends from the lab on a three-day hike through the Luberon. We hiked about 20 or 30 kilometers each day, stopping now and then to pick and devour grapes from the after-harvest vineyards. The sky was a deep blue, and the air was bracing. Each night we would arrive exhausted and hungry in a different small village where food and lodging had been arranged by our friends. It was wonderful.

At the end of November, Joan returned to Canada with a completed thesis proposal in hand. Her time in France and earlier in Australia had been productive. I stayed in Lyon a bit longer, finishing up the experiments with Claude and Denis. I arrived back in Canada just before Christmas, where I received some wonderful news. Joan was pregnant with our first child, Kate.




Family Life in London, Ontario

Kate was born in August 1984. At the time, we were living in an adult-only apartment building, and we needed to move. We realized that it was time to buy something rather than continuing to rent. We eventually found an old redbrick house with a large open porch in London’s Old South neighborhood, not far from our apartment. It was built in 1917 and had been converted some 50 years later into a triplex. It was in rough shape. When Joan’s mother came for a visit, she took one look and burst into tears. The thought of her daughter living in such a hovel was just too upsetting.

Joan and I thought that all it needed was some wallpaper removed, a few coats of paint, and some minor repairs. How naïve we were. We spent the next few years installing new drywall, replacing the old knob and tube wiring, lowering the basement floor 15 centimeters, replacing a supporting wall with an I-beam, putting on a new roof and two additional dormers in the attic, replacing the garage, redesigning the entire backyard, and on and on and on. Fortunately, because I had learned basic carpentry from my father, I was able to do many of the repairs myself. The house now looks lovely, and we still live here more than 40 years later.

Our second daughter, Elizabeth, was born in 1986, the same year that Joan got her doctorate. Joan did not take maternity leave for Kate or Elizabeth, but continued to work, first on her doctorate and then as an assistant professor at Western. Luckily, as academics, both Joan and I had flexible schedules. Ten years later, our son Michael was born—and Joan did take several months of well-earned parental leave. After spending 20 years doing research and teaching, Joan moved up the administrative ladder, eventually becoming associate dean, undergraduate studies, in the Faculty of Social Science. She proved to be a skilled administrator and in later years has been called upon several times to steady the ship as acting chair of psychology and as acting dean. Life has been rewarding for both of us.




Back at Western

I returned to Western a full professor. I had been promoted while we were somewhere in Asia, but I didn’t find out until we arrived in Lyon where a letter from the dean was waiting for me. A couple of months later, I learned that my application to the Natural Sciences and Engineering Research Council (NSERC), which I had written while we were in France, was successful. With this news, I started to set up my lab for recording limb, hand, and finger movements during grasping. When I was in Lyon, I had been impressed with the work that Marc Jeannerod was already doing on grasping (Jeannerod, 1984), and I wanted follow suit. Marc had been using film to record the hand movements, but I thought that it might be much more efficient (and perhaps more accurate) to use an active tracking method. I purchased an optoelectronic system that tracked the movement of infrared light-emitting diodes that could be attached to the hand and fingers. At the time, Marc’s lab, mine, and one or two others were the only labs studying the visual control of grasping. It was essentially an empty field of study, giving us an opportunity to do foundational work.

Over the next 10 years, I wound down my animal work and ramped up my study of visuomotor control in humans, concentrating on reaching and grasping. I was lucky to be blessed with some exceptionally talented graduate students who helped me in this new research enterprise: Lorna Jakobson, Philip Servos, and David Carey. Together, we looked at the effect of prismatically displacing targets on the control of aiming movements in real time (Jakobson and Goodale, 1989), how the size and distance of goal objects affected the scaling of grip aperture and the velocity of limb movements (Jakobson and Goodale, 1991), and the role of binocular vision and motion parallax in the control of grasping (Servos et al., 1992).

Even though we found the results of our experiments incredibly interesting, it was hard to get the attention of other researchers. Our work seemed to fall between the interests of the vision community and those studying motor control. My students often felt quite lonely in the poster sessions at various meetings they attended. But all this began to change after a visit from David Milner in 1989. He was keen to tell me about a patient he had been testing, a young Scottish woman who had developed severe visual problems after carbon monoxide poisoning from a faulty water heater in her newly renovated home in Italy. DF, as we later came to refer to her, was left with a dense visual form agnosia: Not only was she unable to recognize common objects from their shape or the faces of her relatives or friends, but also, as David showed, she was unable to discriminate between simple geometric shapes, such as a triangle and a square. At the same time, DF had no trouble recognizing people from their voices or objects placed in her hands. Her perceptual deficit appeared to be exclusively visual and limited to the geometric shape of objects. Her ability to perceive the color and other surface properties of objects was largely spared.

But the story didn’t end there. One day, when David was testing her ability to recognize common objects, he held up a pencil in front of her. He was not surprised that she couldn’t identify it—although she did comment that it was yellow (which it was). Her deficit was so profound that she couldn’t even say whether David was holding the pencil vertically or horizontally. But then something quite extraordinary happened. DF suddenly reached out and grabbed the pencil, presumably to examine it more closely. David was flabbergasted. Her grasping movement was fluid and accurate: Her fingers opened appropriately, and her hand rotated to the correct angle so that her fingers encompassed the pencil. David quickly tried different orientations of the pencil, and in every case, her grasping movement was normal. She showed none of the groping movements one might have expected in someone who could not report the shape and orientation of objects. Somehow, her hand “knew” what she didn’t.

David’s observations of DF resonated not only with Larry Weiskrantz’s demonstration of blindsight in patients with V1 lesions but also with the dissociation I had observed with normal observers in our jumping-target experiments in Lyon. I was excited. DF’s remarkable behavior was consistent with my long-standing conviction that vision did so much more than mediate our perception of the world. Even though David and his colleagues in St Andrews had already begun a systematic study of her impaired and spared visual abilities, we thought it might be a good idea to bring her to Western so we could test her behavior in much greater detail in my new visuomotor lab. We contacted her, she happily agreed, and in the spring of 1990, she and her partner made their first visit to Canada (for a detailed account of DF and the testing we carried out with her, see Goodale and Milner, 2013).

DF was wonderful to work with. Without complaint, she did all the tasks we set before her. Because she was with us for only a week, we often had to make test objects on the fly. I spent several evenings at home in my basement workshop, fashioning wooden cubes and other objects for testing the next day. We simply couldn’t wait for the carpentry shops at the university. Throughout this frenetic week of testing, I was ably assisted by two of my graduate students, Lorna Jakobson and David Carey, who not only carried out a lot of the testing but also charmed DF. As we tested her, a clear picture began to emerge, confirming David’s informal observations with the pencil and his more systematic studies exploring DF’s intact visuomotor performance in a “posting” task. Despite her inability to report the shape and orientation of objects, she was able to use those same object features to shape the posture of her grasping hand as she reached out to pick them up. Early the next year, we published two papers documenting this dissociation in DF, one in Nature from my lab at Western (Goodale et al., 1991) and the other in Brain from David’s earlier work at St Andrews (Milner et al., 1991).

The papers got a lot of attention in the neuroscientific community and even in the popular press. Soon after the Nature paper appeared, I was interviewed by a science reporter for the New York Times, a first for me. In May of that year, I presented the findings at the annual meeting of the Association for Research in Vision and Ophthalmology (ARVO) in Sarasota, and unlike what I experienced in my earlier presentations on visuomotor control, the room was packed. People were really interested, and I was swamped with questions both in the session and throughout the rest of the meeting.

So where was the damage in DF’s brain? Although the MRIs and CT scans showed indications of widespread damage associated with carbon monoxide poisoning, the lateral occipital regions in both hemispheres were particularly affected. In other words, the lesions were largely in the ventral visual stream of pathways projecting from early visual areas to the occipitotemporal cortex. Shortly after we tested DF, we had an opportunity to test another patient, VK, who had bilateral lesions, not in the ventral stream but in the posterior parietal cortex in the dorsal visual stream (Jakobson et al., 1991). Like many patients with damage to this brain region, VK showed great difficulty using vision to point to targets (optic ataxia), particularly in the visual periphery. But importantly, she also showed clear deficits in her ability to grasp objects, even in central vision, opening her hand extremely wide and haphazardly changing her grip aperture midflight. Nevertheless, she had no trouble recognizing objects or line drawings. This double dissociation between DF and VK (along with a plethora of findings emerging from monkey electrophysiology) motivated David and me to start writing an opinion piece for a new review journal, Trends in Neurosciences. By then David was back in St Andrews. So, we decided to write the whole thing using an early email server, Eudora, even sending attachments of our drafts, back and forth across the Atlantic. We really felt like we were ahead of the curve.

At the time we were writing the article, the dominant theory about the division of labor between the ventral and dorsal streams was the “what vs. where” (object perception vs. spatial perception) distinction put forward by Leslie Ungerleider and Mort Mishkin (1982). On the basis of our observations in patients and a range of other evidence from both human and monkey work (including anatomical differences in the outputs of the two streams), we proposed that the distinction was better characterized as “what vs. how.” We argued that the ventral stream delivers up our perception of the world, providing a visual foundation for cognitive operations, whereas the dorsal stream converts the visual input into the coordinates required for action. Notice that the distinction here is not so much between the inputs to the two streams as it is between the specific transformations carried out on that input for the “consumers” of the visual information. Both require information about objects and their location but for different purposes: cognitive operations, on the one hand, and the control of action, on the other. The paper (Goodale and Milner, 1992) and a much longer monograph that David and I wrote a few years later (Milner and Goodale, 1995) turned out to be persuasive enough that they are still highly cited even today.

Throughout the 1990s, DF continued to be the centerpiece of our work with neurological patients. In 1992, I visited her in Italy to do some additional testing of her visual abilities. Armed with a fancy new video camera, I planned to record her performing a range of visual tasks, from catching a ball to discriminating between and picking up objects of different sizes and shapes. DF and her partner had kindly offered to put me up for a few days. They were still living in the same old house where DF had been overcome with carbon monoxide poisoning. The renovations were nearly complete, but nevertheless, it was still rather unsettling to venture into the bathroom where the water heater (no longer connected) had emitted the deadly carbon monoxide that had led to her visual form agnosia. But that aside, the visit was wonderful—and productive. I spent the next few days testing DF, often seated at a table in their beautiful garden, presenting her with line drawings and small objects, as I made notes of her responses. I felt very much like a nineteenth-century neurologist. The work with DF at her home in Italy cemented our earlier observations that even though she had a profound deficit in form vision, she was still able to pick up objects of different shapes and sizes almost as deftly as someone with normal vision—and could even play catch with her partner.

In addition to work with neurological patients like DF, we have also tested some of the predictions of the two visual system proposal in healthy volunteers. Because vision-for-perception relies more on scene-based and contextual cues, whereas vision-for action uses effector-based computations, we reasoned that the visual control of grasping would escape the effects of pictorial illusions of size. Together with Salvatore Aglioti, an Italian neurologist visiting my lab, we tested this idea and showed that, when people reach out to grasp an object embedded in a size-contrast illusion (in this case, the Ebbinghaus), the opening between their finger and thumb scales in flight to the real, not the illusory, size of the object (Aglioti et al., 1995). Some researchers (e.g., Kopiske et al., 2016) have reported that grasping is not always immune to the Ebbinghaus illusion (for a critique, see Whitwell and Goodale, 2017), but many more labs have gone on to replicate our findings, not only with the Ebbinghaus but also across a broad range of different illusions (e.g., Jackson and Shaw, 2000; Ozana and Ganel, 2020; Stöttinger et al., 2009). Nevertheless, the resistance of grip scaling to size-contrast illusions, particularly the Ebbinghaus illusion, is clearly affected by many factors. When I began this line of research 30 years ago, it never crossed my mind that it would generate such a lively, but informative, debate.


The Dawn of fMRI

In the early 1990s, the neuroscience community was abuzz with talk about fMRI, a new technique that allowed researchers to localize functional activity in the human brain. In 1993, a group of us at Western began to plot ways of getting our own fMRI scanner and recruiting someone who knew how to use it. We had heard about an exceptionally talented young biophysicist, Ravi Menon, who was then finishing up a postdoc with Kamil Uğurbil at the University of Minnesota. He and Ugurbil were working closely with Seiji Ogawa and David Tank from Bell Labs on the development of fMRI. Because Ravi had completed his entire university education in Canada and was familiar with how things work here, we thought it was possible that he might be open to coming to Western. We realized too that this was unlikely to happen unless we could provide him with a high-field magnet. We began some serious lobbying of the senior administration at Western, University Hospital, and the newly founded Robarts Research Institute. Through some miracle (and a substantial gift from a local donor with matching money from the province), Robarts and Western eventually ended up recruiting Ravi, purchasing a 4T MRI machine, and erecting a building to house it. By 1996, the 4T was up and running.




Growing Neuroscience at Western

Since those early days, fMRI has become vastly more sophisticated—and the neuroscientists and imagers at Western have continued to be at the forefront. We have been successful in securing major infrastructure grants from the federal and provincial governments that have allowed us to expand our MRI resources and establish a nonhuman primate facility. In short, neuroscience, particularly cognitive neuroscience, has flourished at Western. In 2003, we were able to persuade the university to set up a Centre for Brain and Mind (CBM), which is now housed in the seven-story Western Interdisciplinary Research Building erected in 2017.

These early developments allowed us to recruit leading researchers from Canada and around the world. One of those hires was Adrian Owen, who joined us in 2010 from Cambridge (United Kingdom), through the Canada Excellence Research Chair program. Adrian had recently made a splash in both the scientific and popular press with his 2006 fMRI study in which he showed that an unresponsive patient who was thought to be in vegetative state was actually conscious (Owen et al., 2006). His recruitment and the evident success of the CBM catalyzed additional recruitments and infrastructure grants, culminating in a $66 million grant (BrainsCAN) from the Canada First Research Excellence Fund in 2016, the largest grant in Western’s history. I feel privileged (and lucky) to have played a role in all of these achievements.




Imaging Action in the Magnet

One of the biggest game changers in my research has been neuroimaging. With the advent of high-field fMRI at Western, we have been able to show how the two streams are differentially activated for visual perception and the visual control of action. None of this would have been possible without the help of my neuroimaging colleagues, particularly Ravi Menon. But one individual was pivotal in enabling our lab to study visually guided grasping in the magnet. That person was Jody Culham, who came to my lab as a postdoc in 1997 from Patrick Cavanagh’s lab in Harvard. She had also worked closely with Nancy Kanwisher and others who were pioneers in the use of fMRI. Because of that experience, she soon became an invaluable part of our team as we developed ways of identifying the neural substrates of the visual control of grasping using fMRI. I am pleased to say that Jody is now a full professor in Western’s Department of Psychology and holds the Canada Research Chair in Immersive Neuroscience.

One of the challenges we faced was how to have people grasp real three-dimensional objects in the high magnetic field of the MRI scanner. Jody was instrumental in helping us devise a piece of equipment to do just that. Using this “grasparatus,” as we affectionately called it, we were able to show that when people reach out and grasp objects, they show robust differential activation in their dorsal visual stream, but no grasp-related activity in their ventral stream (Culham et al., 2003). Importantly, when we tested DF in the same way, she too showed activation in her spared dorsal stream, but no differential activation in her ventral stream to the shape of objects, even those she was grasping (James et al., 2003). Taken together, these fMRI results converged beautifully on our earlier neuropsychological findings with DF and other patients, supporting the distinction between a dorsal “action” stream and a ventral “perception” stream in the human brain (see Goodale and Milner, 2013).

I should make it clear that my research at Western has not been entirely focused on the two visual systems proposal. I have also been involved in other projects, some serendipitous, some arising from conversations with my colleagues and trainees. These include exploring the neural substrates of echolocation in blind humans (Thaler and Goodale, 2016), face perception (Ganel and Goodale, 2018), size and material weight illusions (Paulun et al., 2019; Buckingham and Goodale, 2010), and size constancy (Sperandio et al., 2012; Chen et al., 2018). Most recently, I have returned to my roots and have begun to investigate the role of the superior colliculus in the initiation of visually guided reaching movements, both automatic and voluntary, but this time in humans (Mekhaiel et al., 2026). In all this work, I have been driven by the conviction that neuroscientists need to take a long evolutionary view and understand that ultimately the brain’s main job is to drive action.






Epilogue

Throughout my career, I have been fortunate to have worked with a succession of talented young graduate students and postdocs. Although I have mentioned some of them in this account of my research, there are many others whose contributions have been equally impactful. I thank them all.

I stepped down as director of the Centre for Brain and Mind in 2018 after a long 15 years. After a short stint as interim director of the new Western Institute for Neuroscience, I retired in 2024. I still cosupervise graduate students and a postdoc but no longer run a big lab. I continue to collaborate with former trainees and colleagues around the world. I have to say it is rather liberating to be able to keep my hand in research and writing and to participate in the intellectual life of the university without having to attend departmental meetings or get involved in the inevitable political machinations of the university.

Joan retired shortly after I did. We now have more time to spend with our children and grandchildren. Watching all of them grow up and find their own way in life has been one of the most rewarding experiences of our lives.
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Susan Hockfield

As far back as I can remember, I have been obsessed with how things work. Early in life, I took apart vacuum cleaners, daffodils, irons, hydraulic door closers, and even acorns to see what was inside. During my scientific career, I peered through electron microscopes and engineered antibodies to understand the structure and function of the mammalian brain. Later, in my administrative roles as dean, provost, and president, I convened colleagues across disparate disciplines—scientists, humanists, engineers, organizational experts, and more—to design new approaches to solve important academic puzzles and challenges. I never planned a formal career path for myself, but instead I had the great good fortune to leap from one insight or discovery to another, driven by my insatiable curiosity. That same curiosity drives me to ask questions and explore new ideas and technologies, often pursuing them without sufficient anticipation of where they might lead.

I was fortunate to come of age as a scientist in the midst of the molecular biology revolution. As an anatomist at my core, I intuitively understood that function could be deduced from form, and I was able to collaborate with many talented scientists to apply the tools of molecular biology to describe novel mechanisms in the brain. From the brain to the boardroom, I found terrific excitement and satisfaction in revealing a new perspective on a problem.

Life is the art of the possible—the convergence of disparate ideas, people, or fields into wholly new and unusual collaborations. To me, science is about discovering something in one domain and a different thing in a different domain, and then discovering that those things are related and that, if you put them together, each can inform the other. We have just begun to pursue all that’s promised by the explosive intersection of biology and technology. That convergence of fields promises to lead to brilliant new ways to tackle our greatest medical, environmental, and humanitarian challenges. And just thinking about the possible products of these unexpected convergences makes me smile.


Early Years

My grandparents were immigrants from Eastern Europe, fleeing oppression and persecution. Like many first-generation Americans, they would never talk about their journey. When asked, my paternal grandfather, who arrived in the United States as a 13-year-old with his 11-year-old brother, but without their parents, would simply say, “We’re Americans now.” I’ve often wondered just how difficult life has to be to send your young sons alone on a boat to the unknown. Difficult enough that if you were to stay in your homeland, you would be certain to die. I never met my great grandparents, but I’m ever grateful for their sacrifices to save the lives of their sons.

With an immigrant background and the desire to succeed in a new country came an intense focus on education. My father did what the son of an immigrant was expected to do: He became a studious scholar, electing to study electrical engineering at the University of Illinois. He was extraordinarily analytical and yet extraordinarily warm. His dream, he told me later in life, was to become a communications engineer, but World War II intervened. He joined the Navy and, upon his return from the war, went to law school. He spoke little about that career shift, but it became clear that his war experience on submarines and at the testing ground for the new armaments in the Pacific Theater changed his perspective on life. He finished law school and had a successful career as a corporate attorney while raising his family.

We were a big, busy family. I was one of four girls, spaced a year and a half apart. Our household was loud, boisterous, and regularly on the move. The second in the family, I was born in 1951 in Chicago, but we moved when I was three months old to Danbury, Connecticut, where I spent most of my youth. I have vivid memories of the community nursery school that my mother and her friends founded. Independent play was the educational model of the day, which suited me just fine. I explored by myself and spent a great amount of time taking things apart—dissecting them to figure out how they worked, but with no interest in reassembly.

We moved to Chappaqua, New York, when I was in fifth grade. My meticulous mother had researched the school systems near New York and determined that Chappaqua had the best public schools in the area. Her highest priority, after our safety, was making sure we had the best possible education.

My mother was some kind of magician. The kind of magician who whips up a gourmet meal in less than an hour. The kind of magician who sews colored loops in the toe of each of the household’s socks to denote its owner and simplify sock sorting (performed by me and my sisters) for a family of six. The kind of magician who packs four little girls into a car and drives hours to the Pennsylvania Dutch community in Pennsylvania, or Washington, D.C., or New York City museums and concerts to teach her girls about history and to experience culture.

My parents pushed us all to be strong students, although I never considered myself to be one. They fostered my older sister’s interest in reading, languages, and history, and encouraged my burgeoning fascination with mathematics and science, as evidenced by all the things I took apart. I don’t recall my parents ever yelling at me for taking apart the iron or the vacuum cleaner or whatever else caught my curiosity, although I do have a suspicion that my father quietly followed behind me, reassembling all the things I took apart.

And I certainly did have a penchant for taking things apart. I was an anatomist long before I knew what that word meant. I took apart flowers and seed pods. I took apart a fan, a lamp, a vacuum cleaner, you name it. If I could take it apart, I reasoned, I could understand how it worked. At eight years old, I dissected my watch—analog at that time, of course. I certainly didn’t know what I was doing and, as I removed various components, the tightly wound mainspring suddenly popped out of the case and went flying, along with all the tiny pieces around it. I can still feel that spring bursting apart in my hands. There was no reassembling that dissection.

I had no idea that my methods for satisfying my curiosity were unusual, until one day a friend stopped me in my tracks. I was curiously fiddling with the hydraulic door closer that prevented the screen door from slamming shut, when my friend Lois shouted, “Stop that!” Puzzled, I responded, “Stop what?” I can still recall her impatience and disbelief as she described myself to me: “You’re always taking things apart and never putting them back together, so stop it!” I still can feel my sense of incredulity. No one had ever before told me to stop my “experiments.”

My interest in how structure gave rise to function continued unabated, encouraged by my parents. On Christmas morning when I was 10 years old, my parents handed me a wrapped box from under the tree. I opened it, and my jaw dropped. What would two intuitive parents give their daughter who dismantled every object she could find? A microscope!

It was a light microscope of my own, complete with premade slides of plants and insects. What a fantastic adventure—I loved it. Perhaps a stereotypical beginning for a scientist, but there I was, hunched over my microscope, examining everything I could squeeze onto that little stage. If I could figure out the structure of a leaf or seed pod or spring, I believed I could also figure out how it performed its function.

My parents interpreted my scientific curiosity as a sign that I would be the doctor in the family. But I had serious reservations about becoming a doctor. To this day, hospitals make me uncomfortable, and sickness and disease break my heart and easily bring me to tears. Other people, including my neuro-oncologist physician husband, have the amazing skill to hold a person’s hand during the deepest, darkest times of their life, bringing comfort as well as healing. That is not my skill. Yet it was my predesignated path, so I went into high school with an expectation that I was headed toward med school.

I did not enjoy much of high school. I was painfully shy, and I’m not sure when or how I grew out of the worst of it. At one point, I came home from school unhappily and told my mother that I was lonely and did not have a group of friends. She brusquely replied, “You’re a leader. Start a group!”

I was baffled—start a group? I was no leader. But that magical mother of mine seemed to already know my future. If someone told me then, as a quiet, reluctant high schooler, that I would someday stand up to talk to 10 people—much less several thousand, as I would during my years at Yale and Massachusetts Institute of Technology (MIT)—I would have bet all the money in the world they were wrong.

Chappaqua’s Horace Greeley High School was designed to simulate, as nearly as possible, a college experience. Many of the teachers cultivated independent learning, encouraging our curiosity and self-directed study. I had two wonderful biology classes in my freshman and senior years. As a freshman, we started by studying the structures of various animals and tissues using colorful transparencies of layered acetate. With the flip of a page, I moved from skin to muscle to an organ to bone. That experience, flipping deep into organ systems and back out again, was a key moment when my curiosity about how things work brushed up against living systems.

The apex of my high school experience was a senior-year biology class that included an independent study in which each student was assigned an organ system to study in rodents. Like flint to steel, a spark burst forth. I realized I wanted to study living things, to know how they worked. But I still didn’t know what to call this love or how to pursue it. That would come later.

At that time, I was still destined for medical school.




College and Graduate School

As a freshman at the University of Rochester in Upstate New York, I chose biology as my major, but my heart wasn’t in my coursework. That is, not until my very last semester, when I took a cell biology class with Professor Jerome Kaye. That single class would soon introduce me to the thing I had unknowingly been looking for my whole life.

At the time, electron microscopy was biology’s new shiny toy, revealing details about the beautiful structures inside of cells that provided insights into how cells gave rise to the properties of tissues and clues to what went awry in disease. The class introduced me to a recently published book, The Fine Structure of the Nervous System by Alan Peters, Sanford Palay, and Henry Webster (1970). The pages included the most wonderful images I had ever seen, obtained by an electron microscope. Electron microscopy unveiled cellular structures at a higher resolution than previously achievable, and that ability would burst open a whole new level of understanding of how the molecular composition of subcellular elements gives rise to a cell’s function—the molecular biology of cells. In that class, I realized it was possible to visually dissect a cell to understand how it works. I was immediately hooked.

One day, Dr. Kaye opened class by posing a question related to the course material. By the conclusion of the class, I thought I knew the answer. So for the first time in my college career, I attended office hours to discuss his question. To this day, I encourage students to go to office hours. Faculty reserve those times for students to bring questions, difficulties, and ambitions. Too few students take advantage of the opportunity of office hours, and—trust me—your faculty are eager to talk to you!

At office hours for the first time, I proposed my solution to the question Dr. Kaye had presented in class. He encouraged my answer, and we kept talking. I conveyed how much I enjoyed his class and confessed my ambivalence about going to medical school.

I will never forget the most important moment in that conversation—in fact, the most important moment in my scientific life: Dr. Kaye pointed a finger at me, leaned forward, and said, “You should get a job in a lab.” I asked how one did that. He suggested I walk across the street to the University of Rochester’s Medical Center and see if anyone had an open position.

Driven by my curiosity, I followed his advice. I wandered around the medical school for a while, without any appreciation of what departments I walked through. While looking at a poster on one wall, Professor David Scott, an Anatomy Department faculty member responsible for the poster, walked up. I asked him a few questions about his research, which he generously answered. Somehow, in the course of our conversation, I mentioned that I wanted to work in a lab. He offered me a part-time job as a laboratory technician, and I enthusiastically accepted.

On my first day at the lab, I knew I had found what I was looking for. Gerda Dudley, the lab’s highly experienced chief technician, introduced me to machines, specimens, and lab personnel. In my memory, the laboratory was filled with brilliant light, the benchtops were covered with an array of fascinating equipment, and a spirit of adventure buzzed in my mind and heart. To this day, I remember saying to myself, with a heartfelt sigh, “This is what I’ve been looking for.” I was home.

I quickly became familiar with the staff, tools, and routines of a neuroendocrinology lab that was using electron microscopy to understand the structure and function of endocrine regions of the brain. Gerda Dudley was a master technician and generously taught me everything I needed to know to get started. It didn’t matter if I was preparing slides or washing dishes, I loved every moment in that lab.

We took tiny pieces of the brain and examined them at the high resolution of the electron microscope, mapping how a network of nerve cells in one area communicates with those in another area. It was an era of the biological sciences when researchers were just starting to figure out the extent of what one could visualize with an electron microscope, and the potential for understanding cell functions felt limitless—especially for anatomists like me, and especially in the brain. The brain, with its wildly diverse types of cells and serpentine communication superhighways, is extraordinarily beautiful, and its performance inconceivably complex and precise.

I worked in that lab for nearly a year, starting after I’d graduated a semester early in the winter of 1972. I then moved to Washington, D.C., where, with my technical expertise, I easily found a job as an electron microscopist at George Washington University Medical School, again in the Department of Anatomy. The lab I joined was technically interesting, although it wasn’t hugely intellectually stimulating. So, after about a year, when numerous people asked me when I was going to graduate school, I began considering it. I still did not have aspirations to run a lab of my own, nor did I have any long-term plan about where my studies might take me, but it seemed like a logical next step, so I plunged ahead.

Intent on staying in D.C., I applied to the anatomy graduate programs at George Washington University and Georgetown University. Georgetown offered me a better package and allowed me to begin right away, in the middle of a school year, so I joined the Department of Anatomy and Neuroscience at the Georgetown University School of Medicine in January 1975.

In addition to taking classes, I soon began teaching and lecturing in anatomy and histology classes for medical and dental students. There is no better way to learn material than to teach it, and I especially loved guiding laboratory classes, where the students and I met weekly to dive deep into the material.

The core of my graduate education, however, was not at Georgetown. It was at the National Institutes of Health (NIH). During my very first semester, in the spring of 1975, the chair of the Anatomy Department received a call from Dr. Stephen Gobel, a member of the pain research group at the National Institute of Dental Research (NIDR) at the NIH. The NIDR group focused their investigations on the transmission of pain signals from the periphery (skin, joints, teeth) to the brain. Dr. Gobel had received funding to bring a graduate student into his lab for a summer project. For some reason, perhaps because I had extensive lab experience, the chair asked if I’d like to apply. I went to the NIH and interviewed for the job. The project seemed a bit old-fashioned, using a light microscope attached to a “drawing tube” to reflect the microscopic view onto a drawing surface that allowed a reproduction to be drawn. Having come from two years of electron microscopy, I told him, “It seems kind of boring.”

Unsurprisingly, he gave another student the job. But then a second student position became available, and this time the project was fascinating: developing a new technology to map the cellular pathways that carry pain information through the brain. I called Dr. Gobel, apologized for my lack of initial enthusiasm, and asked (please) for another shot. He generously invited me to join the team.

I am so thankful I received that chance. The NIH became the hub around which my graduate life revolved. The pain research group Steve Gobel was a part of included a remarkably broad and exciting combination of disciplines: Steve was an anatomist and had several anatomist postdocs, and the larger pain research group included neurophysiologists, neurochemists, pharmacologists, and psychologists. Part of the group worked at the NIH’s Clinical Center, with access to patients who suffered from chronic pain syndromes and were receiving clinical interventions. To someone used to classically organized academic departments, it seemed a highly unusual—and exciting—mash-up of people with different intellectual backgrounds, but I soon came to understand that it made brilliant good sense. Together, the unique, multidisciplinary team was working to identify and understand the neural circuitry and connectivity that allows us to feel pain, with the goal of designing new approaches to prevent or alleviate pain.

The lab radiated a sense of community: a bustling village of people with different skills and different tools, all focused on the same purpose. My education was no longer predominantly books and lectures, but traversing the busy hallways and laboratories, and attending professional seminars, across the institutes of the NIH, a professional realm where giants in the field were making life-changing discoveries. It was there that I first learned that the discoveries in a laboratory can be the antecedents to a clinical intervention. It was there that I joined the conversation at seminars across a wide variety of disciplines. And it was there that I learned how to share my research with the scientific community.

As my first summer in Steve’s laboratory was drawing to a close, he and I decided that I should continue in the lab to complete my experiments. It wasn’t long before he asked me to write up a draft of some of our research. I eagerly submitted my manuscript to him but was stunned when, after reading my draft, he made the observation, “You don’t know how to write. But I’ll teach you.” And he did: another important step in joining the scientific community.

Under the tutelage of Steve and the others in the research group, I joined the commerce of being a scientist—reading relevant literature, writing and publishing papers, and participating in the constant discussion of science in journal clubs, seminars, and the ever-present hallway conversations. Steve brought me along to professional meetings, where I began to meet leaders in the fields of pain research and neuroanatomy. I found those meetings exhilarating: the formal talks as well as the informal conversations over coffee breaks and at poster presentations. I had finally found my people—people who shared my curiosity and spoke as animatedly about the brain as I did.

After a while, I was spending so much time at the NIH and enjoying my work there that I decided to do my dissertation project with Steve at the NIDR. I don’t recall whether Steve or I first hatched the somewhat unusual idea of carrying out my doctoral research with him. It was far from standard for a Georgetown graduate student to do her doctoral project outside the university. With some gentle nudging, Georgetown acquiesced. Steve was given a Georgetown faculty appointment to allow him to serve as my legitimate doctoral adviser. It was an unusual situation, and one of the greatest gifts I ever received: completing my dissertation in one of the world’s premiere pain research groups with the freedom to devote all of my efforts to the work of a scientist.

With Steve, I published a pair of papers on the pathways through which pain signals travel from the face and head through an area of the brain called the nucleus caudalis, a central hub for pain processing. When you have the sensation of a painful stimulus—such as a bee sting on the leg or an iron burn on the tip of a finger—that sensory input enters the nervous system and travels to the spinal cord from where it is then relayed to higher brain centers. But pain input from the head and neck, including from the teeth, travels a more complicated path. For my dissertation, I developed a method for tracing the pathway of pain signals for those inputs, received in the nucleus caudalis, and then relayed to higher processing centers in the brain.

As I was nearing completion of the work for my doctoral degree, I understood the next logical step would be a period of postdoctoral study, usually carried out in a different laboratory. While attending scientific meetings, I met a great many people working in the field of pain research, and, through those connections, I arranged a postdoc in the lab of pain researcher Allan Basbaum at the University of California, San Francisco (UCSF).

Looking back now, I realize I was more devoted to neuroanatomy than to the study of pain. And what I enjoyed most was learning and using new technologies to study the structure and connectivity of the brain. So, it was not surprising that my postdoc in California was abbreviated by the lure of another new technology.

For any scientist, accessing a new technology at the outset of its use is an extraordinary opportunity—a chance to understand problems you’re studying in a new light. And, by chance, I was about to have that experience a second time.




Cold Spring Harbor Laboratory

In the fall of 1979, I arrived in San Francisco to begin a postdoctoral fellowship in the Basbaum lab. California was sunny and lovely, but as life would have it, I wasn’t there for long.

In the spring of my first postdoc year, Allan suggested I participate in a summer workshop at the Cold Spring Harbor Laboratory (CSHL) on Long Island in New York. The workshop was focused on pain, Allan’s field of study, and we anticipated that the experience would help me gain a deeper understanding of the field as I started my postdoc. I had heard of CSHL but had never visited. “The Lab,” as it was called, was then under the direction of James Watson. Jim, as we all knew him, and Francis Crick had famously deduced the double-helical structure of DNA in 1953. An independent, nonprofit research center, CSHL was well known and highly regarded for its research programs, meetings, and educational programs, including summer courses and workshop series, all designed to promulgate state-of-the-art technologies and perspectives. Under Watson’s leadership, CSHL became a major center for the rapidly developing new field of molecular biology.

In the summer of 1980, I attended the CSHL pain workshop, a multidisciplinary gathering of researchers studying how pain is received and perceived. Soon after I arrived, I met Birgit Zipser, an electrophysiologist and the first neurobiologist to join the CSHL staff, and Ronald McKay, a CSHL molecular biologist who would go on to become chief of the Laboratory of Molecular Biology at the National Institute of Neurological Disorders and Stroke. These two scientists would open the door to the next stage of my career.

Together, Birgit and Ron had recently developed a set of monoclonal antibodies that identified components of the leech nervous system. Monoclonal antibodies, or mAbs, were a brand-new technology, developed in 1975 by researchers at the Laboratory for Molecular Biology in England. At the time, only three or four groups were using them to study the nervous system.

To produce mAbs, mouse immune cells were stimulated to generate antibodies to an “immunizing antigen”—in this case, material from the leech nervous system. The resulting mouse immune cells were separated and propagated as individual “clones.” Each clone represented the descendants of an individual immune cell, hence the name “monoclonal.” The antibodies generated from each of these immune cell clones bind one specific target, or antigen. This remarkable new technology allowed scientists to understand the cellular—and subcellular—distribution of individual molecules, providing a entirely new level of resolution in biology.

Birgit had been working on the leech nervous system since her graduate school days, when the leech had become an important, highly tractable model for studying the nervous system. The leech “brain” is organized into a chain of ganglia, and each ganglion is made up of a cluster of roughly 400 neuron cell bodies that relay nerve signals among the other ganglia and between the ganglia and the rest of the body. Each ganglion’s structure is highly ordered with clearly visible structures, visible with a relatively low-resolution microscope. In marked contrast, the mammalian correlate—the neurons and nerve pathways of the brain and spinal cord—are densely packed with neurons and nerve pathways, making it much more difficult to analyze functionally or structurally.

In the leech, electrophysiologists like Birgit had mapped the function of each of those 400 leech neurons: Some carried signals for touch; others for pressure; still others for pain. Now, with a set of mAbs in hand, Birgit was eager to learn if each physiological or anatomical class of neurons would express specific molecular markers, such as unique cell surface proteins, that might be identified with mAbs.

When I arrived for the CSHL summer workshop, Birgit and Ron had just started testing their new mAbs to see what they might learn about the organization of the leech nervous system. I viscerally recall Birgit showing me an early set of photographs of the staining patterns of different antibodies, each of which labeled different sets of neurons. Much to everyone’s surprise, the antibody staining patterns did not correlate with neuron classes identified by anatomical or functional characteristics. I was intrigued, thinking, “This is amazing! What molecules could be expressed in these patterns; what could these new patterns mean?” We discussed what the antibodies could be recognizing that didn’t follow the established classes of neurons that shared electrophysiological or anatomical characteristics.

Birgit had gotten my attention and, as I was an electron microscopist, I began a study, separate from the pain workshop, to see if I could pinpoint what cellular structures were identified by each antibody. How many different cellular organelles might differentiate one neuron from another? Would the heterogeneity of molecular markers mimic known anatomical or physiological heterogeneity, or might there be an entirely different “molecular identity” that had not been revealed by earlier decades of study? The answer was that the molecular organization revealed by the antibodies had very little in common with previously described anatomical or physiological organizations, posing a fascinating puzzle. I was totally hooked.

As the workshop was ending, Birgit asked if I would consider the possibility of a job at CSHL. I immediately said yes. She said that I would need to meet with Jim. I agreed but explained that I had plans to visit colleagues in Washington, D.C., while I was on the East Coast. I told her to give me a call if and when Jim would like to meet.

I drove six hours to Washington. No sooner had I arrived than Birgit called: “Jim would like to see you tomorrow.” So, I got back in my car and drove another six hours back to the laboratory. Sitting on the Long Island Expressway in its perpetual traffic jam, I thought, “I’ve only just started my postdoc. Can I really leave and take a job?” But my overwhelming sense was yes: CSHL was heaven on earth for scientists, with state-of-the-art technology, a huge variety of brilliant people across disciplines, an untold number of the world’s best and up-and-coming scientists coming and going, and an environment that fostered science 24/7. It was a year-round summer camp for scientists.

Upon my return to CSHL, I went to Jim’s office. The possibility of a position seemed remote, so I went into the interview without any anxiety—after all, I had not even completed my first year as a postdoc. Jim and I had an unexpectedly wonderful conversation. Jim had remarkably wide-ranging perspectives of the scientific frontier across many fields. He knew that very little molecular biology had found its way to neurobiology—at the time, molecular biology had invaded only a few fields, such as immunology—and he reasoned that the new tools of molecular biology could open a new chapter in neuroscience. Naturally, I agreed.

Jim presented me with a job offer. Many people advised me not to take it. There were many ways it could trip up my career—most obviously by interrupting the postdoc I’d just begun. In addition, the risks of embarking on an entirely new, unexplored research direction were high: There was no guarantee of success. If I failed at CSHL or the job was short-lived, the UCSF had no responsibility to take me back. But I was not wise enough to take those worries seriously, and I was entranced by the prospects of using new molecular tools to reveal as yet unseen features of the brain. I accepted the position.

I went back to UCSF for a few months before my CSHL start date in December. The director of the UCSF neuroscience program was understandably disappointed in my decision and asked if I was sure. I replied that I was. “Well, aren’t you afraid?” he asked. “What should I be afraid of?” I replied. “People are going to expect a lot of you,” he responded. I honestly, if cheekily, replied, “Well, it’s hard for me to imagine anyone expecting more of me than I expect of myself.” Ah, the audacity of youth.

Upon my return to CSHL, I was immediately incorporated into the neurobiology team with Birgit and Ron, housed in one of the historic buildings on the lab’s campus. My first task was looking into the curious question of why mAbs were lighting up specific, but as yet unidentified, targets in the nervous system. We couldn’t yet make sense of why the antibodies were consistently recognizing certain groups of leech neurons with no known physiological or anatomical characteristics shared among them. I performed an electron microscopic analysis of the antibody binding patterns and found that some antibodies bound to the surface of cells, while others recognized intracellular organelles that we couldn’t quite identify. There were many more patterns and binding sites than had been previously described—new cellular structures and new classes of neurons! Our carefully constructed characterization of neurons needed revision.

I needed to learn more molecular biology fast. I attended laboratory-wide seminars and made lists of vocabulary words I didn’t understand, and then over lunch asked other junior scientists to explain them to me. It was a crazy way to learn, but it turned out to be a wonderful tutorial.

As a mammalian neuroscientist, I then applied the same technique Birgit and Ron had used in the leech to a mammal. We created 29 lines of mAbs that bound to neuronal antigens in the rodent brain: 16 bound to axons only; 8 bound to axons and cell bodies; and 5 bound to cell bodies only. The patterns, once again, did not match the generally accepted cellular classifications. Overall, the distribution of the antibodies in the central nervous system (CNS) suggested that there was substantially greater molecular diversity among vertebrate neurons than expected, beyond anything before appreciated about the brain’s organization.

That initial study was such a new application of the technology it was highly unlikely that a standard journal would have published it and, even if it did, it was unlikely to be published rapidly. Jim, recognizing the value of this technology for changing the way the nervous system could be explored and understood, knew we needed to get the work out fast, so as a member of the National Academy of Sciences, he offered to directly contribute the paper to the Proceedings of the National Academy of Sciences. It was published in 1982 (McKay and Hockfield, 1982).

I spent all my time in the lab: morning, noon, and night. Jim had a pattern of walking around in the evenings and stopping by—unannounced—in labs. I was always there, so each time he “dropped in,” I’d describe my recent results. Jim recognized early on that neuroscience was ready for molecular biology.

Jim was always looking ahead, in the field and in the lab. One evening he came through the lab and observed, “You have a lot of work going on. You need some postdocs.” That had never occurred to me, despite everyone else around me having postdocs. I was a “newbie,” just doing my work, head down. I replied to Jim, “I don’t have grants yet. How would I do that?” He said he would support two postdocs for the first year, after which I would raise funds to continue to support them. Although I didn’t know it at the time, it was the kind of support new faculty would receive as start-up funds from a university. I did not have the experience to have asked for such funding when I started at the lab.

Through that initial hiring and the subsequent addition of two technicians and postdocs, Jim taught me how to grow a lab. I soon received grants from both the NIH and the National Science Foundation (NSF) but, without Jim’s initial support, none of the studies would have been accomplished or published.

With my expanding team, I went on to use mAbs to identify specific subsets of neurons and anatomical structures in the central visual system of mammals (Hockfield et al., 1983; Hendry et al., 1984). In addition to lab work, I soon took on another task at CSHL. In my second year on the scientific staff, I encountered Jim during a campus walk. He said he wanted me to run the Summer Neurobiology Course Program, a set of courses and meetings that drew scientists from around the world to CSHL. I asked why he had picked me. Jim simply replied, “When the phone rings, you pick it up.” That was his shorthand that I had skills—being curious, organized, and responsible—that I didn’t recognize in myself.

I had no idea how to run the course program, but thankfully I had Terri Grodzicker as my guide. A molecular geneticist and virologist, she started at CSHL in 1972 and continued there for her entire career, serving now as dean of Academic Affairs. There were not many women on the scientific staff at the time, and Terri, while always appearing serious, was also joyful and positive. She set an aspiring example of how a woman could navigate the lab and leadership, engender respect as a scientist, and be an effective leader in a predominantly male environment.

As the director of the CSHL Summer Neurobiology Course Program, I was responsible for identifying scientific leaders from around the world as course instructors, and then persuading them to take on the role. With Jim’s help, I identified and reached out to a cadre of researchers who were or would soon be giants in the field, including Eric Kandel, Chuck Stevens, David Van Essen, David Hubel, and Torsten Wiesel. After months of planning, each summer course came together, with participants from across the nation and around the world, working as one group aligned around the ambition of advancing each nascent field. It was my first experience helping to design a science organization and that role was central to my developing a passion for convening people around a shared purpose. I would continue to lead the Summer Neurobiology Course Program for 12 years, until 1997.

Each year since 1933, the Cold Spring Harbor Symposia have played a key role in identifying emerging scientific fields. Scientists around the world would eagerly await the announcement of each year’s topic, with the imprimatur of the symposium serving as a powerful accelerant for a new field. Jim’s announcement of molecular neurobiology as the topic of the 1983 Cold Spring Harbor Symposium was greeted with great excitement, along with some skepticism about the nascent field.

Jim and Ron McKay organized the Molecular Neurobiology Symposium: 91 speakers and 233 participants. Scientists using the tools of molecular biology to study the nervous system, from physiologists to pharmacologists to anatomists, traveled from around the world to share techniques and ideas. The symposium synopsis later summarized the meeting as “a decisive turning point in the development of neurobiology.” I fully agree. It was electric. I gave a platform presentation, as Jim was very supportive of giving young scientists an opportunity to share their work.

Cold Spring Harbor’s scientific staff included many remarkable scientists, and the lab population was sufficiently small for everyone to know one another. Informal conversations were easily launched: walking down Bungtown Road, during lunch at Blackford Hall, before or after the many seminars, or on the tennis courts or running routes around the lab. Through those informal conversations, I had the extraordinary privilege of striking up a friendship with Barbara McClintock. In 1941, Barbara had joined the staff of the Carnegie Institution of Washington in Cold Spring Harbor, the predecessor to the CSHL, and she was still actively engaged at the lab while I was there.

Initially, Barbara had kindly stopped to talk with me when our paths crossed on the lab grounds. After a few such chats, I began blocking time in my calendar to go to her laboratory to talk. If I blocked 30 minutes, our conversation lasted an hour and 30 minutes. We wandered through many topics, but when the topic was her research, she would pull out examples from her work and talk through the figures. She was both wholly analytical and deeply inspired by nature—she once described one of her methods for assaying her corn crops: She’d walk between the rows of corn she had planted, with her eyes closed, hands spread wide to each side, feeling the plants on either side of her. As an astute biographer once described her, she had “a feeling for the organism.” She recounted many of her scientific and life experiences, encouraging me not to be bound by “received wisdom.”

In 1983, Barbara won the Nobel Prize for Physiology or Medicine for her 1950s discovery of mobile genetic elements. A press conference was announced, and all the scientists packed into the auditorium. She sat amidst a semicircle of microphones and cameras. The press conference began, with the first reporter asking something along the lines of, “Weren’t you mad that you weren’t recognized sooner?”

“No,” she replied calmly.

Then the second question came, “Didn’t it really annoy you that others were recognized before you?”

“No,” she replied simply.

When the third reporter asked, “Weren’t you really angry that people didn’t recognize the importance of your work?” she sighed and said, with a touch of impatience, “You don’t understand. When you know you’re right, it doesn’t matter what anyone thinks.”

The small group of reporters laughed, and simultaneously the entire audience of scientists rose as one, cheering and clapping. It was among the most inspiring moments of my life. That was Barbara: It never mattered to her what anyone thought—what mattered to her was being sure her science was right.

Barbara’s wisdom helped me navigate a difficult time as I was making plans to leave CSHL. Very few researchers pursued their full career at the lab, so after five years, it felt like the right time to consider moving to a new academic setting, especially to an environment with a larger neuroscience community for the next stage of my career. I began to accept invitations to speak in the context of job searches. At one university, one of the faculty questioned the integrity of my results, quizzing me not only about the interpretation but also about the basic results themselves. I was taken aback. I thought my work would be received as new and exciting, as it had been in other talks and publications. But this time, it was viewed as too new, too avant-garde.

That reaction to my work was deeply unsettling, even humiliating. I hadn’t told anyone about it, but when Barbara asked me how the trip had been, I confessed what happened. She nodded her head, sagely saying, “Yes. It will always be that way when you do something new. And it’s worse when you’re a woman. But don’t let it stop you.” Those words gave me courage at a difficult time, for which I have always felt immensely grateful. After mustering the courage she advised, I continued giving lectures at many top-ranked programs and was soon recruited to become a faculty member at Yale University.




Yale University

I arrived at Yale in 1985 as an assistant professor in the Section of Neurobiology in the School of Medicine, attracted by the university’s robust activity in neuroscience across the campus.

It was exactly the kind of appointment I was looking for, with neuroscience faculty deploying a wide range of methodologies in a wide range of organisms, from invertebrates to humans, from basic cell biology to clinical studies. Central to my faculty appointment was the expectation that I would develop a robust research laboratory. Two of my CSHL postdocs, Sam Zaremba and Beth Friedman, continued with me at Yale and were instrumental in helping set up the lab and launch our research program. We continued to use mAbs to explore the molecular composition of the nervous system and to identify new cells and new organizational features of the CNS. Using an mAb, we identified a previously unrecognized class of neurons that appeared to play a unique role in the circuitry of the cerebellum (Hockfield, 1987). It was the beginning of an exciting era when the tools of molecular biology provided new ways to identify cell classes and determine novel subtypes of cells by virtue of their shared molecular features.

One great advantage in having my lab and teaching responsibilities anchored in the heart of the Medical School was that it brought me into contact with both medical and graduate students, as well as physician scientists, many of whom joined the lab and later went on to have brilliant careers, including Daniel Geschwind, Mustafa Sahin, Jane Minturn, Kathleen Martin, Peter Kind, and Robert Kalb. The lab was a constantly evolving group of people with an array of academic backgrounds, skills, working styles, and career ambitions.

It was a wonderfully vibrant, intellectually collaborative group. Everyone had a different project, yet each of them shared the lab’s central thesis, to advance the molecular characterization of the components of the brain and follow them over the course of development. Dan Geschwind, for example, one of my students pursuing both MD and PhD degrees, became interested in another new technology, two-dimensional electrophoresis, which allowed for the identification of individual proteins at high resolution in two dimensions. Using it, he was able to observe changes in protein expression over the course of brain development (Geschwind and Hockfield, 1989). Mustafa Sahin, also pursuing both MD and PhD degrees, used mAbs to study the organization of the mammalian cerebellar cortex and describe a very rare cell type, the Lugaro cell, showing that it was molecularly and morphologically distinct from Purkinje and Golgi cells (Sahin and Hockfield, 1990).

During these early years, Beth Friedman, a postdoc, initiated a project with Patricia “Patty” Pedersen, a postdoc from the lab of the brilliant neuroscientist Gordon Shepherd on a project identifying specific classes of neurons in the olfactory bulb. That lab connection would soon alter my life in a way that had little to do with science. Patty, with her deep understanding of people, was something of a matchmaker. Patty’s husband, Joe Piepmeier, a neurosurgeon, had worked with a highly respected neurologist and neuro-oncologist, Thomas Byrne, during their training at Yale. Patty arranged a dinner for the four of us, but on the day of the double date, Patty called to say that their infant son was not well and they’d need to postpone. It was a relief: I was busy preparing for my departure to teach a summer course at CSHL. But, soon after Patty’s call, Tom called to suggest, “Why don’t we have dinner together anyway?” I initially declined, but he managed to persuade me that I had plenty of time to “just have dinner.” He arrived at my apartment, and when I opened the door, a strange and unprecedented thought crossed my mind: I’m going to marry this man.

And I did. Four years after we met, we were married at Yale’s Battell Chapel. Our daughter, Elizabeth, was born soon after. Marriage and a child came as a delightful surprise to me. For years, I was clear about the life I wanted as a scientist, but I did not have the same decisiveness about the direction of the rest of my life. I knew I wanted a full, rich life, but I did not have any plan for what it would look like. Turns out, it looked like Tom and Elizabeth, the loves of my life.

Another unexpected thread began to run through my life during those first few years at Yale: I found myself following a path that would lead—without intention—into university leadership. It started with the graduate students. In addition to my laboratory research, I taught graduate and medical students in a neurobiology course and in weekly laboratory sections. Supplementing the didactic lectures, the small-group lab experience was hands-on, exploratory, and provided a wonderfully deep dive into brain anatomy and function with students who really needed to understand the intricacies of the nervous system. It also put me in conversation with graduate students.

Many of the graduate students I spoke with were disaffected. Unlike my own graduate experience with Steve Gobel at the NIH, where I felt fully included as a member of the research team, many of the Yale graduate students felt outside the center of discussions, and they often had no idea how to access mentors, advice, or the kinds of insight that would help move their projects along.

Eager to see them succeed, I often offered advice. For a student who might be stuck on an experiment or a project, I’d recommend a faculty member or an experienced technician for that student to talk to. Often, they’d be surprised that they could do that; I assured them that they didn’t need permission to engage in research conversations with faculty or more senior students and postdocs, and I encouraged them to ask questions in seminars—to get involved in the intellectual commerce of their field of interest.

My openness to engaging with graduate students precipitated the chair of the Section of Neurobiology, Professor Pasko Rakic, to ask me to take on the role of Director of Graduate Studies for our section. I readily agreed. My own graduate experience had been so exhilarating and productive that I was eager to improve the experience of the graduate students. In addition, serving as Director of Graduate Studies exposed me to interesting research projects beyond the perimeter of my own field, and the regular gatherings of Directors of Graduate Studies from across the university broadened my community and my awareness of research across Yale’s wide range of disciplines.

Even with my new administrative role, I was still planning for science to be the center of my intellectual world. I loved the lab. I even enjoyed writing grants: The intellectual discipline required to write a coherent, concise grant application is an excellent exercise for clarifying one’s thoughts. My lab’s research continued to be novel and exciting.

We used an antibody we produced, Cat-301, to explore how spinal motor neurons develop during the first weeks of postnatal life. We discovered that the antibody binds to a cell surface molecule (that we identified as a proteoglycan) whose expression requires normal patterns of neuronal activity during development (Zaremba et al., 1989; Kalb and Hockfield, 1988). We next determined that expression of the Cat-301 proteoglycan specifically requires two signals—one from the fastest nerve fibers, the large-diameter primary afferents, which carry information from the periphery (Kalb and Hockfield, 1990a), and a second from the brain. We showed that neuronal activity influences the expression of Cat-301 in parallel with the normal development of motor neurons (Kalb and Hockfield, 1994). We also discovered that the NMDA receptor, a glutamate receptor (now known to play an integral role in changing the strength of connections between neurons, a process called synaptic plasticity), regulates Cat-301 expression, therefore identifying NMDA as a modulator of activity-dependent development (Kalb and Hockfield, 1990b).

Cat-301 also provided glimpses into the developmental plasticity of mammalian visual pathways, providing a molecular marker for one of the most fascinating features of the brain—that activity during key periods early in development can determine the mature properties of the brain (Hockfield and Sur, 1990; Hockfield et al., 1990). Activity-dependent development (such as the ease with which languages can be learned accent-free by children but rarely by adults) now had a molecular signature.

Overall, our explorations provided a unique, fascinating new view into how neurons develop and change, depending on how they are activated in early life (Kalb and Hockfield, 1992). The lab grew with many other projects and an expanding set of students and collaborators. Beyond brain development, we also explored an extracellular matrix protein in the CNS that is a molecular marker for—and potential drug target for—glioma, an aggressive brain cancer (Jaworski et al., 1996; Nutt et al., 2001; Viapiano et al., 2005).

As I reveled in my lab and my family, my career took another unexpected turn. In 1998, the dean of the Graduate School of Arts and Sciences stepped down, precipitating a search for the next dean. On the day the Yale Daily News announced that the search committee had presented its short list of top candidates to Yale’s president, I ran into the colleague whom I expected to become dean.

“Are you on the short list?” I asked him, excited.

He looked at me askew. “How would I know?” he responded. “But I do know that you’re on the list.”

I was stunned. It had never occurred to me that I would be considered for the role. I didn’t even want it: I was a scientist. Being a full-time administrator was the last thing I wanted. “No, I’m not a candidate,” I said.

“Yes, you are,” he countered.

An hour later, my phone rang. Regina Starolis, the president’s able and wonderfully decorous secretary, was calling to ask if I was available to meet with Yale’s president, Rick Levin, that afternoon. I assumed he wanted to ask me about the candidates and how they might engage with what I thought were the pressing issues for the Graduate School, so I happily complied. Much to my surprise, Rick said he’d received the list of candidates from the search committee, and he knew all of them personally except for me, and he thought we should meet.

I still believed that I did not have the remotest possibility of being selected: President Levin would never name an unknown neuroanatomist from the Medical School, with no previous experience in university governance, as the dean of the Graduate School. So, it was natural to respond to his questions frankly, and I shared my ideas of how to repair several of the operations I had found not to be working optimally at the graduate school. He asked if I would be interested in the role of dean, and I said no. I may have even scoffed. It was not the direction in which I was headed.

I went home, however, and after a conversation with Tom, I reconsidered my response. I called Rick and apologized for being short-sighted. I said that if he thought I could help Yale as dean, I would welcome learning more about how he envisioned the role. We left it at that, and Tom, Elizabeth, and I went to Washington, D.C., for a spring-break vacation. While away, we had our first night’s dinner at a Chinese restaurant. The dinner ended, of course, with a presentation of fortune cookies. I cracked open a cookie, peeled out the fortune, and read: Your life is going to change. Because Elizabeth was eager to eat there again, we returned to the same restaurant the next evening. That night, my fortune read: Everyone agrees you’re the best. I have mounted those two fortunes in a frame that I have kept in my office.

I returned from our short trip in a different state of mind—I was now intrigued. Upon my return, Rick invited me to his office and offered me the role. I was an unexpected choice, and it was extraordinarily courageous of Rick to make that decision. He saw something in me that I didn’t see in myself. But he had been dean of the Graduate School, and he knew what the role required.

I agreed to take on the role for three years, hoping to be able to fix some of the problems I had seen in the graduate school, and then I’d go back to the lab. Rick and I agreed that I would spend “most of most Fridays” in the lab with my research team. The lab, thankfully, was mature enough that they didn’t need my daily input. So, in 1998, I became dean of the Yale University Graduate School of Arts and Sciences.

It was a fascinating, exhilarating, and challenging experience. My immediate goal was to make the graduate experience as fruitful and productive as possible for our students. Among the first changes we made included improvements for graduate students who engaged in teaching. Many graduate students served as teaching assistants as part of their education, yet few received any training in teaching. I hired Bill Rando to design and oversee a teacher education program, which became the Yale Teaching Center. I also hired two associate deans: Richard Sleight to oversee graduate programs in the sciences, mathematics, and engineering, and Pam Schirmeister to oversee the programs in the humanities and the social sciences. Both were wonderful educators and collaborators; they worked closely with departments and programs to improve the experience of graduate students and their faculty. Pam’s daughter and Elizabeth were similar ages, and we became close friends.

With a terrific team in the Graduate School, and the support of the university leadership—President Rick Levin, Provost Alison Richard, Secretary Linda Lorimer, General Counsel Dorothy Robinson, and many others—we designed more opportunities for graduate students to be involved and feel central to the university. I appointed Lisa Brandes as director of a beautifully redesigned social space in the Hall of Graduate Studies for graduate students, encouraging graduate students across the campus to gather, share their experiences, and learn from one another. The MacDougal Center was generously funded by Yale alumni donors, and it rapidly became a welcoming, active site for a wide range of social and cultural events to enhance graduate student life.

I also hired my first assistant, Diane Hovey, who promptly taught me how to have an executive assistant. The first time I walked into her office with some papers in my hand, she immediately demanded that I hand them over to her. When I resisted, she explained, “I do the filing, because later, I’ll be the one who needs to do the finding.” With that, Diane and I had a deal.

Slowly but surely, I built a team. I learned how to do so from Rick, who became one of my great life mentors. Rick was expert at gathering a set of colleagues, each with a different background and different responsibilities, and spurring them to work together toward a shared purpose. Once each week, the president, provost, dean of the college, and dean of the graduate school met for lunch. We’d each lay out the problems, issues, or concerns in our domains, and discuss them as a group. Those meetings were important not only to resolve the problems of the day but also to develop a sense of cohesion and common purpose among the university’s leadership. Our discussions were frank and open, and we each contributed different perspectives and information from across the university.

One ongoing concern that consumed a significant portion of my time and attention as dean at Yale was a graduate student unionization drive. Long before I was dean, there had been unsuccessful efforts to unionize the Yale graduate students. At campuses of state universities, the ability to form a graduate student union was governed by state labor laws, and graduate students at some state universities had successfully formed unions. However, at private universities, unionization was governed by the National Labor Relations Act (NLRA), and in the late 1990s, the NLRA held that graduate students at private universities (like Yale) were not employees: They were students and could not form unions.

Yale was targeted to contest the legal standing of graduate students as employees under the NLRA. Yale’s history of labor issues suggested that it could be vulnerable to a campaign to bring a case to the National Labor Relations Board to change the status of graduate students to that of employees with the possibility to unionize.

The university’s core purpose is to foster human curiosity and its fulfillment and advancement, and to do so requires a fertile environment for the pursuit of learning and discovery. Those goals are not fostered in an environment of factions embattled against one another. Yet, instead of finding joy in the pursuit of a common purpose to expand knowledge, many graduate students at Yale were clearly unhappy. It was a wake-up call. When I spoke with graduate students leading the unionization drive, they often described their relationships with their advisers and professors as contentious, not productive. And, in practical matters, the students had legitimate concerns, such as the lack of availability of health care for the families of graduate students.

To better understand the issues, I visited graduate students in their departmental programs across the university. Although each department had its own set of issues, some graduate student concerns were shared. I began to understand where the central administration could make a difference. Early in my service as dean, Rick and I modeled the cost of providing health insurance for the graduate student families and decided it was something we could and should do.

The unionization drive was a tense, difficult time, with passions running high. It was not uncommon for me, when walking on campus, to turn a corner and find myself confronted by several dozen angry students. I became more careful about when and where I walked on campus. I continued to do what I could to improve the graduate school experience. When a vote over unionization was eventually called, the union was not approved by the majority of graduate students.

During my service as Yale dean, we mounted a collaborative effort to strengthen a sense of community for graduate students. To underscore the integral role of graduate education in the Yale ethos, we initiated a lecture series called, “In the Company of Scholars.” That name was chosen from a well-known and well-loved quotation by Yale historian George W. Pierson: “Yale is at once a tradition, a company of scholars, a society of friends.” I embraced that characterization, and a plaque with Pierson’s quotation hung prominently on the wall in my dean’s office.

Once a month, I invited a Yale professor to give a lecture attended by graduate students and their faculty from any discipline. Each month, hundreds attended each lecture and the post-lecture reception. We also started a graduate school newsletter as a regular source of news and communication and formed a graduate student council to represent them on campus. Cumulatively, the efforts did, over time, change the tenor of the graduate student–university relationship.

When I took on the role of dean, Tom stepped up at home, handling many of Elizabeth’s day-to-day needs on top of his busy neuro-oncology practice. At that time, it was unusual for a husband to commit to being the major at-home parent, but it was important to both of us. There were not many women in leadership positions then—or even now—and we offered an example that women could be leaders and have a family, too.

And, of course, I loved and treasured my time with Elizabeth. One of my favorite parts of the day was evening bedtime. We’d talk as she got ready for bed, and I’d lie on her bed trying not to fall asleep. We’d read stories together until she was in fourth or fifth grade. She had become a very able, independent reader, and so our story time morphed into catch-up time, a reserved and treasured time to talk about the day and share our stories.

After four years as graduate school dean, Yale’s Provost Alison Richard was recruited to Cambridge University, United Kingdom, as vice chancellor. Rick Levin invited me to follow Alison in the role as provost. By then, we had a higher-functioning, improved graduate school and programs, and students felt more empowered and better connected to the life of the university. My younger self’s plan of going back to my lab research was no longer top of mind. The late 1990s and early 2000s were an important time for Yale and for higher education in general, and I found that I could again be helpful, finding ways for Yale to better serve our students, faculty, and staff. I had a strong team of associate provosts and was once again building a team and fostering a productive, innovative academic environment. I’d found my second calling.

Unbeknownst to me at the time, my tenure as provost would be short-lived. For years, beginning shortly after assuming the deanship, recruiters from other universities regularly called. I had no intention of leaving Yale—I loved working with Rick, I loved my team, and I loved the students. When I became provost and the cadence of the calls increased even further, I told my assistant that I was done with search consultants and would no longer take calls from search firms. I was not looking for another job. But that did not prevent another job from looking for me.

About a week before I got the call that would lure me away from New Haven, I was chatting with a Yale English professor. He was participating in a new “Program for Humanities in Medicine,” a series of talks and discussions to explore medicine through the lens of the humanities. I asked how the program was going. He said he’d resigned from it because he was “tired of being beaten up about truth.” I was astonished and—as a scientist and deep believer in “truth”—personally offended. I have long held the belief that an individual’s purpose in this world is the pursuit of truth. The truth is what we seek; truth is at the core of why universities and academia exist. And, yet, here was a professor sickened by a discussion of the pursuit of truth. It was disheartening.

A week later, the phone in my office rang. I still don’t know how someone named Jim Champy got my direct number, but he was calling as chair of the search committee for MIT’s next president. As I said to others, I told him that I wasn’t interested. But Jim replied, “Just let me tell you a bit about MIT. First of all, MIT is a place that believes in the pursuit of truth.” I literally pulled the phone away from my ear and looked at it. Truth? How did he know I’d been stewing over that English professor’s complaint? Jim went on to say that, in its pursuit of truth, MIT believed in meritocracy, which had drifted from center stage for most of academia. When he asked if I would come to Boston to have a conversation with the search committee, I had to agree.

The meeting was held in secret at the Algonquin Club, a storied Boston intellectual gathering place on Boston’s historic Commonwealth Avenue. I entered a room with a square table large enough to accommodate the two dozen members of the search committee. Many of them sat with their hands clasped on the tabletop, prominently displaying a “brass rat,” the large and distinctive MIT school ring. I immediately relaxed, realizing I was at no risk of getting this job as I was not one of them. I was just there to hear what they had to say. I had not prepared a script, and I knew very little about MIT. Much to my surprise, what followed was a lively, insightful, forward-looking conversation about higher education.

From the car heading back to New Haven, I called Tom. He asked how the meeting went. “Unfortunately,” I replied, “it went very well.” Even so, I knew that if I were to actually pursue the position, I would start with three strikes against me: I was not from MIT; I was not an engineer; and I was a woman. MIT had never had a female president nor a biologist president.

My initial Boston visit was followed by additional conversations and visits. Elizabeth was in seventh grade at the time, and when we dropped her off at summer camp, her parting words to Tom and me were, “When I come home from camp, don’t tell me we’re moving to Boston.” We kissed and hugged her, and sent her off to enjoy the summer.

When she arrived home in August, we told her we were moving to Boston.




Massachusetts Institute of Technology

Between the late August announcement of my selection as MIT’s next president and my early December official start in the role, I shuttled back and forth between New Haven and Cambridge to wrap up my duties at Yale while starting to immerse myself in MIT.

Walking around MIT’s urban campus was quite unlike Yale’s leafy streets and Gothic architecture. In contrast, MIT’s somewhat imposing central campus dates to 1916. Its “Main Group” of formal, statuesque limestone buildings surround a formal central courtyard, Killian Court. A short walk away, the more recently built campus includes the eye-catching Stata Center, designed by architect Frank Geary, with its unusual angles and colors. MIT has an intricate urban campus, with buildings known by their numbers and connected by underground tunnels. Once again, I found myself in a future I had not imagined, and it was exhilarating.

Following in the footsteps of Jim Watson and his evening strolls through labs to chat with staff, I’ve learned that my own “style” of administration leans heavily on conversation. As I engaged with faculty, staff, and students in formally scheduled meetings or simply walking through the campus, I found something new, unexpected, or delightful in each conversation. I quickly learned that MIT people were my kind of people—explorers of the as-yet unknown who collaborated across disciplines with ease and insatiable curiosity.

After my unusual graduate school experience in which I was free to roam the NIH campus—an institution organized by purpose rather than discipline—and then cultivating intellectual convergence across disciplines at Yale, I no longer cared what department someone was in. I wanted, even needed, to gather people across disciplines. In many of my conversations, I recognized examples of convergence—often unanticipated or unexplored intersections between previously unrelated disciplines—as a powerful way to build a whole far greater than the sum of its parts.

On August 26, 2004, the day that MIT announced my presidency, I gave a short speech to an overflowing audience in MIT’s central lecture hall, 10-250. Of course, knowing only a little about the Institute and its people, I could not yet know in what directions we might go. However, I had learned through my many conversations that MIT cultivates a commitment to service. In introducing myself to the MIT community, I tried to capture that ethos: “I want MIT to be the dream of every child who wants to make the world a better place.” The packed audience, resonating with my message, rose to its feet in ovation; I was welcomed with that reassuring start. Many of my decisions as MIT’s president would be driven by that idea—that MIT would be a place for people who wanted to change the world.

Shortly after the announcement of my appointment as MIT president, I received a phone call from a good friend who was then chair of Neurology at Massachusetts General Hospital. She offered the briefest of congratulations, and then burst out, “Can Tom come to work for us?” That solved an important problem, and Tom would continue his practice of neurology and neuro-oncology and teaching medical students in a flourishing career at Mass General and Harvard Medical School for the next 20 years. Elizabeth’s transition was slightly harder. Moving schools midyear in seventh grade is a challenging time for any 13-year-old girl, but she handled it with grace. By May of that first spring, she surprised me one evening by thanking me for making us move, because her new school “was so much better than my other school.” Whew—another problem solved!

As for myself, I decided not to move my lab, despite an offer from a colleague in MIT’s Brain and Cognitive Sciences Department to help set one up. By then, it felt incompatible to be entirely devoted to university leadership and to have responsibility for a lab needing my attention. So, with some regret, but in appreciation of my central responsibilities, I shed my lab coat and focused entirely on university leadership.

Tom, Elizabeth, and I established our home in the historic Gray House, built in 1917 as the MIT president’s house, and I moved into the president’s office, located in one of the original Main Group buildings in the center of campus. One of my earliest decisions was hiring a spectacular executive assistant, Leslie Price, who had spent many years in that role for business leaders in Boston’s entrepreneurial community. Leslie has stayed with me during my entire time at MIT, managing the office and navigating a perpetually complex and over-full calendar. In addition to her skills as a master of office logistics, her natural sociability makes her a wonderful connector of people. She presented a welcoming, helpful presence to visitors to the office, as well as establishing cordial channels to facilitate our work across the campus and beyond into the Boston business community.

Leslie and I do not look alike—at least to those who know us. However, the anomaly of having the first woman as MIT’s president walking the hallways of the offices of the Institute’s leaders, led to Leslie (another new face on campus) not uncommonly being greeted as me. Happily, as I became better known, and as the Institute’s leadership included an increasing number of women walking our administrative corridors, the cases of mistaken identity became vanishingly rare.

I was formally inaugurated as the 16th president of MIT on May 6, 2005, wearing the cardinal and gray formal academic regalia of my new home. Entering Killian Court with Elizabeth and Tom at my side on a magnificently sunny day, I received a wonderful welcome from the MIT and greater Boston communities. One tradition in the inauguration festivities for college and university presidents is a welcome speech from a currently serving university president. I invited my former Yale colleague, Alison Richard, who was then serving as vice chancellor of Cambridge University (the equivalent of a US university president) to provide that traditional welcome speech. Alison opened with the observation, “Never again will anyone have to stand up here and welcome the first female president to MIT.” The crowd applauded her clever statement. For some, I’m sure my appointment was a triumph, while for others it was an uncomfortable anomaly. In truth, I was less worried about being accepted as the first woman to serve as MIT’s president and far more concerned with the MIT community’s reception of the first biologist to serve as their president.

Seventy years before me, MIT President Karl Compton had insisted that the physical sciences must be squarely required within the MIT curriculum. And here, in 2005, I focused my inaugural address on cultivating the convergence of engineering and the life sciences. While most of the world recognized MIT for its engineering prowess, the MIT Department of Biology would have been a crowning jewel at any other university. That department boasts numerous Nobel Laureates, including Phillip Sharp, David Baltimore, and Salvador Luria. Notable faculty and alumni include eminent, paradigm-shifting biologists such as Susan Lindquist, Victor Ambrose, Cynthia Kenyon, Allan Spradling, and many, many more. With that powerful foundation in mind, I told the assembled community at the inauguration that my generation of leadership must design new ways to blend research across the life and the physical sciences and engineering, as I had heard that theme frequently in my conversations across the campus.

Getting to know the MIT community, I quickly adopted as a conversation starter, “What do you love about MIT that you wish we did more of?” Two main themes emerged. The faculty cared about finding solutions to the world’s growing energy needs and about the opportunities emerging from a convergence of biology with the physical sciences and engineering.

However, MIT had a serious challenge that constrained how aggressively we might take on these two important opportunities: MIT was carrying a large—and growing—financial deficit. When I assumed office, MIT had an annual operating deficit of more than $100 million. My first challenge, and one that would take a multiyear effort to resolve, was to design and stick to a budget to close that gap. As I had learned from Rick Levin, I immediately gathered a group of faculty members to help design a plan. By making large but targeted reductions in the budget, by 2008, our general institute budget was brought into balance for the first time in a decade or more.

And it was not a moment too soon, because in the fall of 2008 the global financial crisis hit. MIT’s endowment, which provides more than 20 percent of the Institute’s operating budget, dropped 20 percent in a year. As a result, we ultimately cut even more expenses than we had originally planned: roughly $130 million over two years. Again, the strategy was developed through conversations across the campus, including visits by me and Institute leaders to departments, schools, and programs, all reporting to a central team to carefully deliberate the cuts.

Instead of asking the central team what we should cut, I first asked what we should never cut. We assembled a list with a hierarchy of priorities. Two top priorities rapidly emerged, activities at the very core of MIT which—as long as we could manage—we would not cut: undergraduate financial aid and faculty recruitment. First, I refused to lose, even for one or two years, students who were highly qualified to come to MIT but needed resources to make it happen. Second, MIT did not stop hiring faculty, but continued to recruit through economical challenging years, allowing us to hire top faculty with very little competition.

Those two priorities demonstrate how MIT, at its core and in my heart, was always about the people. If you have beautiful buildings bursting with shining resources, but don’t have the right people, nothing important will happen. I still get emotional about it.

From early in my introduction to MIT, I structured several ways to get to know faculty and to foster interactions across departments and schools. One important effort was the convening power of the president’s house, Gray House, designed to accommodate large gatherings. We hosted many such events—often several in a week—to foster cross-department, cross-school interactions. These included an annual event for women faculty and another for minority faculty that gave them a chance to meet faculty from across the Institute, providing an important sense of community beyond an individual’s department or program.

I remember the first night I hosted MIT’s women faculty. A magnificent circular staircase connects the downstairs coat room to a large first-floor reception area in Gray House. When I arrived to welcome the faculty, I stepped to the top of the stairway, stood at the railing, and gazed down at a stairwell full of brilliant, famous MIT faculty—all women. I’m rarely overcome by emotion, but my eyes filled with tears. The force of their presence, knowing their professional accomplishments, and the possibility of what that force would bring to the world, was overwhelming. Every year it was a wonderful night, and it helped create a community that identifies and addresses shared challenges.

Although addressing the financial deficit was one of the first challenges during my tenure, it certainly was not the last. Some were difficult, but minor (often involving a single faculty member), while others were more global. Many could not be resolved through standard MIT channels. However, when it came to navigating and resolving challenges and crises, I did have a secret weapon—my “three wise men”: In addition to Yale’s President Rick Levin, the trio included Stanford’s President Gerhardt Caspar, and former Brown President Vartan Gregorian.

The amount of experience among those three, and an open invitation from each to share their insight with me, was invaluable during my MIT presidency. When things headed in a difficult direction (e.g., when the wheels came off the bus), I called each of them. Their insight and observations about how they had addressed similar difficult situations often had not occurred to me. With their help, I could view a dilemma from many sides and formulate the best possible strategy. In retrospect, one of my greatest regrets is that I did not call on them more regularly. Mentors are a source of insight and encouragement that make both the bad and the good times better. Everyone should have a small posse of trusted mentors.

One of the good times was the formation of the MIT Energy Initiative, or MITEI. When I asked MIT faculty about their top three concerns or areas of interest, virtually everyone I spoke with urgently mentioned the desire to contribute to solving the energy crisis. Oil and gas prices had been climbing with no end in sight, and global warming as a result of fossil fuel use was a growing concern.

Across MIT, scientists and engineers were already pursuing ambitious alternatives to oil and gas, and economists and political scientists were designing policy interventions. From the seeds of those efforts sprang MITEI, an interdisciplinary, Institute-wide effort to advance energy innovation for a clean energy future and to promote an energy transition. Among areas of interest were strategies to accelerate the use of solar power and critically important technologies for energy storage.

I had the great good fortune to recruit two brilliant leaders for MITEI: Ernie Moniz from the Physics and Engineering Systems Departments and Bob Armstrong from the Chemical Engineering Department. Together, Ernie and Bob compiled an inventory of ongoing energy-related work at MIT, planned a series of high-level colloquia on campus, and built an industrial liaison program to bring industry perspectives and partners into the initiative. It was clear that the energy crisis would not be solved by academia alone but required close collaboration with industry, and we recognized the critical importance of building those partnerships from the start. Bob was our brilliant interlocuter for industrial partnerships, while Ernie, who later went on to become the US secretary of energy in the Obama administration, cultivated government relationships. They were a dream team and, through their efforts, MITEI was enormously successful. MITEI and its industry collaborators supported hundreds of research projects and produced comprehensive analyses for policy makers and regulators, including our “The Future of . . .” report series that examined the routes by which a variety of energy sources could meet future energy demands. MITEI also supported energy education, creating programs in the classroom, field, and online for students to conduct energy research in diverse fields, including a new MIT minor degree in Energy Studies (that could be attached to any MIT major) and a graduate Society of Energy Fellows. Over time, more than 25 percent of MIT faculty members participated in the initiative—and I can tell you from experience that it’s vanishingly rare that 25 percent of the faculty agree on anything.

As part of MITEI and other activities, I frequently found myself in Washington, D.C. Bill Bonvillian, astute director of MIT’s Washington, D.C., office, served as my guide, briefing me before meetings about our goals and intentions. Visits with politicians and committees gave me an appreciation of the power of individual voices in helping to direct and influence the direction of leaders in Washington. In fact, in 2009, when President Barack Obama decided to give a major address on US energy policy, he chose to give that address at MIT, where I gave him the first tour of an MIT laboratory a sitting US president had ever received. I’ll admit, it was a highlight of that year.

Another highlight was the wonderful, dramatic acceleration of our activities at the convergence of biology and engineering—the one I had anticipated in my inaugural address. When I spoke with biologists at MIT, many of them had ongoing projects with engineers or were developing new technologies with physicists. There was clearly a shared ambition to cross disciplines to reach a deeper understanding of biological mechanisms and to turn those biological insights into new technologies to improve lives. By the early 2000s, molecular biology had given us tools to do that sort of technical work in the biological sciences. With new molecular tools, we could apply engineering methods and techniques on the scale of cells and proteins. The opportunities at that domain of convergence were huge. And among those collaborations between biologists and engineers, one area of focus kept turning up repeatedly—cancer.

Since the founding of the MIT Center for Cancer Research in 1974, MIT had contributed important discoveries that increased our understanding of the biology of cancer, revealing biological pathways that could be pharmacologically blocked. More recently, a grant program tested out these types of cross-cutting collaborations, but I aspired for something bigger and broader. We started by promoting collaborations across departments and institutions, but we quickly realized that we could better foster these new collaborations by gathering collaborators into the same physical space—an idea that may sound commonplace but was unprecedented at the time.

MIT had a wonderfully engaged and enthusiastic donor in philanthropist and devoted MIT alum, David Koch, a longtime leader at Koch Industries. David and his family had dealt with cancer, and he was committed to helping to find new approaches. He had always been generous to MIT as well as other world-class institutions and organizations. Perhaps unsurprisingly, as an MIT-educated chemical engineer, he found compelling our proposal to bring engineering and biology together to battle cancer.

David’s enthusiasm raised my confidence that MIT could further amplify its ability to make a meaningful difference in cancer. On October 9, 2007, we announced the launch of a major new initiative in cancer research supported by David Koch’s $100 million gift. The initiative included a new building that would physically bring together cancer biologists with chemists, engineers, computer scientists, and more. The David H. Koch Institute for Integrative Cancer Research was completed and dedicated in 2011; filled with cutting-edge technology enabled by David’s further gift of $60 million. I cherish the photograph of David with almost a dozen Institute leaders holding shovels, ceremonially “breaking ground” for MIT’s new approach to our fight against cancer. With programs that included collaborations with oncology colleagues across the river at the Massachusetts General Hospital, the Dana Farber Cancer Center, and Brigham and Women’s Hospital, MIT had a unique opportunity to invent a new approach to cancer research.

Originally, the Koch Institute was designed with biologists and engineers on alternating floors. As our faculty members came and went over time, even those distinctions blurred, until all the floors became fully mixed across disciplines. Together, faculty that were once labeled by their different home departments are now simply considered part of the Koch Institute. And they have made fantastic advances, such as a Food and Drug Administration (FDA)–approved onco-fluorescent agent and handheld imaging tool to improve surgical outcomes in breast cancer, now approved by the FDA, and related strategies to localize and prevent ovarian cancer; novel gene-editing tools and organoids for tumor modeling; machine learning tools to accurately assess risk of breast and other cancers; novel immunotherapy vaccines; and many more.

At some point after the Koch Institute was in full swing, we invited David to join us for an afternoon of presentations from graduate students and postdocs. One at a time, students stood up and described the motivation for their work at the Institute. Many had a story of a family member or friend with cancer. Most shared a profound intellectual curiosity to fix things. Both David and I were teary-eyed. Here were the young people who were going to change the world.

MITEI and the Koch Institute embodied the best of what MIT could be. MIT is a university that is uniquely strong in both the physical and life sciences, and we now had the physical layout, enthusiasm, and sense of freedom for people to cohabitate beyond physical or academic boundaries.

Yet even over the decades while MIT was bustling and thriving inside, its exterior was rough around the edges. Early in my presidency, one morning I drove to the Institute and pulled into an overgrown, dirt parking lot surrounded by a collapsing chain-link fence. When I arrived, unsettled, at the office, I asked my staff, “Who owns that terrible lot?” A staff member replied, with a bit of embarrassment, “We do.” I asked why it was in such terrible condition. She said that when something breaks at MIT, someone runs out and wraps some yellow police tape around it, and there it would sit. MIT did not have the discipline—structurally or financially—to repair the campus. I requested that the lot be paved and the fence repaired. After that, I became vigilant in noticing yellow tape “decorations” all over campus.

The original MIT campus was designed and constructed on the newly land-filled bank of the Charles River in 1916. When I arrived as MIT’s president, our buildings and grounds were showing the wear and tear of age. Buildings inside and out were in tremendous need for updating. But that was easier said than done, especially with the annual fiscal deficit we were already committed to addressing.

Here, again, my lessons learned at Yale helped. Like MIT, Yale’s campus had long been in need of renovation, but the cost of such a project was more than daunting. Yale’s president, Rick Levin, made the brilliant and helpful observation that the “physical debt” of the campus had been accumulated over many generations, so it would be misguided to think a single generation should bear the cost of revitalizing 100 years of deferred maintenance. Instead, he advocated and instituted an economic model to carry out those renovations over an extended length of time, along with a plan for maintaining the campus going forward, so that future generations would not be burdened with the same kind of debilitating fiscal and physical debt.

In 2006, it was time for MIT to adopt a similar campus development program, and I knew just the person for the job. I called Terry Stone, an MIT Sloan alumna and member of the MIT Corporation with a keen analytical mind paired with a convivial personality. Terry was planning her retirement, but I knew that she would make an outstanding executive vice president and treasurer for MIT. With the encouragement of several members of the MIT Corporation’s Executive Committee (on which she served), I called Terry and boldly asked if she would like to come work with me at MIT. She replied, “No, I’m retiring. I don’t need another job.” I said I would call her back in a couple months.

Several calls and conversations later, Terry agreed to come onboard to oversee MIT’s finances and operations, and thank goodness she did. With her leadership, the “MIT 2030” project swung into action: a long-term plan to repair and maintain MIT’s physical resources. It involved the fiscal planning that would require three-quarters of a billion dollars, the construction of three major academic buildings—including a new home for the MIT Sloan School of Management—housing for 550 graduate students, renovations in the School of Science and the School of Engineering, and new parking facilities and infrastructure.

In addition to improving our campus, we also fostered commercial and community development in Kendall Square. This effort also began with a personal anecdote: Shortly after we moved to Cambridge, Tom stepped out of the President’s House (only a couple of blocks from Kendall Square) one Saturday morning to get a haircut. He walked from our residence into Kendall Square and found the neighborhood almost deserted: no barber shops, no restaurants, no people on the streets, nothing. Based on my experience in New Haven and Yale, I recognized that a university and its neighborhood must live not only in harmony but also must bolster and support each other. MIT and Kendall Square needed to coexist and grow together for the area to become an appealing place to study, work, and live. The future of each depended on the other.

I asked the MIT Investment Management Corporation, which oversees MIT’s real estate developments, for a plan to help develop Kendall Square. By working closely with industry partners, over time Kendall Square has transformed from a semi-industrial, somewhat dangerous area with acres of dirt parking lots into a gleaming, bustling hub of innovation with more IT and biotech firms per square mile than anywhere on the planet, including dozens of MIT start-ups alongside global giants like Google, Pfizer, Biogen, Novartis, and Microsoft.

As we helped develop Kendall Square, we also developed the livability of our campus. Through an ambitious, “Campaign for Students,” from 2006 to 2011, we attracted more than $575 million to increase funding for scholarships, fellowships, and student life. By expanding the number of undergraduate dormitories, and reopening and renovating dining halls, we increased the number of young scholars we could welcome by almost 10 percent. As we renovated campus and helped develop our neighborhood, our students, faculty, and staff enjoyed improved work and study spaces, safer streets, and a stronger sense of a campus community.




Post-presidency

After eight years at MIT’s helm, I decided to step down. Following the Institute’s commitment to the major initiatives of my administration, it was ready to move on to a new set of priorities, and I recognized that it was the right time for a new leader to step into the role.

We had accomplished so much during my presidency, including $3 billion in fundraising and the launch of MITEI and the Koch Institute for Integrative Cancer Research, two cross-disciplinary programs addressing critically important technical and societal issues that are still going strong today. We also improved resources for student life and learning; we renovated and expanded housing; and we improved dining and socializing facilities. With a view of the long term, we established a financial structure with greater fiscal discipline, expanded the Institute’s global educational and industry connections, and made great progress on a comprehensive infrastructure framework for the future of campus and Kendall Square.

I announced my resignation on February 16, 2012. In July that year, I passed the mantle to my successor, L. Rafael Reif, who had served as MIT’s provost since 2005. Learning of my plan to leave the MIT presidency, Graham Allison, director of the renowned Belfer Center for Science and International Affairs at the Harvard Kennedy School, invited me to spend the next academic year at their campus. The Belfer Center generously welcomed Leslie and me into their midst, providing office space and camaraderie in an intellectually stimulating environment. Discussions at the Belfer Center shifted my attention from affairs of academia and MIT to those of the political and economic currents in the nation and the world.

Thanks to the generous intercession of Vartan Gregorian, president of the Carnegie Corporation of New York (where I had served as a trustee), I received an invitation to spend a month during the spring of 2013 at the American Academy in Rome, accompanied by Tom. The American Academy is a magnet for scholars from around the world, with interests ranging across the centuries. The scholars in residence and visitors at the Academy met together for lunch before heading off in our different directions—to study, to tour, to explore libraries and archives—all amidst Rome’s magnificent historical artifacts.

Here again, like the Belfer Center, conversations ranged widely across the world’s history and geography. In addition to the intellectual delights of the Academy, we had Rome at our doorstep. Tom and I walked the city, enjoying the fruits of our self-imposed discipline to explore only a single destination each day (along with anything we might encounter en route). The luxury of a daily singular focus, rather than our usual tourists’ race to visit as many sites as possible, provided a more rewarding experience than our previous trips to Italy. At the Academy, we enjoyed participating in conversations and seminars with the other scholars.

We returned to Cambridge relaxed and happy. Tom was thriving in his medical practice at Mass General Hospital and also teaching at Harvard Medical School. Elizabeth was enjoying college life and her studies at Harvard, where she had decided on medicine as her future direction. Following her Harvard undergraduate studies, she continued in the academy as a Rhodes Scholar at the University of Oxford. She returned to Boston, to Harvard Medical School, following in her father’s footsteps. She has the best traits of both of us, including my insatiable curiosity to understand how things work and Tom’s compassion and commitment to helping those in need.

In 2014, as I was concluding my visit at the Harvard Kennedy School, Graham invited me to present the Godkin Lecture, a major speech that had been delivered annually at the school since 1903. I spoke on my perpetual passion for opportunities made possible by new and nonstandard collaborations between usually separate disciplines. More specifically, I described the coming technologies arising from the convergence of biology with engineering and the physical sciences.

I described how recent scientific revolutions in biology—the advent of molecular biology and genomics—had identified what I’ve called the “parts list” of biology: DNA, RNA, and proteins. Engineers, always ready to invent new technologies, are drawn to parts lists. The biology “parts list” has enabled a convergence of biology with engineering, in which biological “parts” can be assembled into new technologies.

In my Godkin Lecture, I described this new era of biology and provided examples of how the convergence of disciplines will transform our lives, from health care to clean energy and food production. I advocated for our country to establish a national movement to support innovation and advance these newly emerging technologies. “A future we have not yet imagined is upon us, and the possibilities of convergence are truly beyond our imaginations,” I said.

After the lecture, Graham tracked me down, accosting me in a manner that reminded me of the life-changing conversation I had with my biology professor at the University of Rochester. Graham directed me, “You must write a book.” I laughed and told Graham that I had no idea how to even start that process. He instantly replied, “First, you’ll need an editor. I’ll introduce you to mine.” And he did.

As a graduate student, Steve Gobel had taught me the responsibility of writing up one’s findings to share my work with the scientific community. Now, Graham was encouraging me to share my ideas about the future of science and technology with an even broader community in a new format—a book not for scientists themselves, but for a scientifically curious, lay audience.

With Graham’s help and encouragement, I spent most of the next year writing the text for what would become The Age of Living Machines: How Biology Will Build the Next Technology Revolution (2019). Writing a book was a new endeavor for me, and I had to develop a writing schedule to develop the content and purpose, and to put the ideas behind the book onto paper. I spent many days walking the Cape Cod shoreline, marinating ideas, and doing my best to follow the writing schedule I had set up for myself.

When the book was published, I had the privilege of sharing it on a book tour. If there was a single strong piece of evidence that my shy, younger self had fully grown into an eager conversationalist, this was it. It was tremendously fun to describe the book’s central ideas and examples of anticipated devices to store energy, diagnose disease, and purify water, along with more general science and technology issues. The book was well-received and precipitated numerous lecture invitations, interviews, and more. Most surprising and most humbling was receiving the American Institute of Physics’ 2020 Science Communication Award, citing my breadth of experience and optimism as key elements in “speaking against anti-science and reaching the public.”

After my year at the Belfer Center, I continued as a tenured professor of neuroscience at MIT, with an office at the Koch Institute. I have loved being at the Koch Institute, in the heart of collaboration, where I can observe and participate in the power of bringing biology and engineering together to fight cancer. It also provides ready conversation with top-caliber scientists and engineers—and their students—who are inventing new approaches to prevent, detect, and cure cancer.

At a regional biotechnology awards ceremony in 2018, I had a conversation with Sangeeta Bhatia and Nancy Hopkins, two of my MIT faculty colleagues. Sangeeta is an inventor, a serial entrepreneur, and one of the key biomedical engineers at the Koch Institute. Nancy is an MIT molecular biologist of the generation just before mine, who wrote a landmark report documenting widespread discrimination against female faculty at MIT. That report, released to MIT faculty in 1999, rapidly spread across the country, motivating Yale and every top university to reexamine its appointment and promotion practices.

At the awards event, the three of us shared our concerns about how few female professors founded biotech companies. Sangeeta had just taken a sabbatical to focus on a start-up company, and she had noted that virtually all the investors to whom she pitched her company were men; men held the keys to the capital she needed. We pointed out to each other how few women attended the awards ceremony and how few women received the biotechnology awards. But vague impressions are not data, so the three of us decided to gather real data to get a better picture of MIT women faculty’s participation in biotech.

With support from the Sloan Foundation, we enlisted experts to gather data about the participation of MIT women faculty in start-ups. Our study focused on only seven of the fourteen departments in MIT’s Schools of Science and Engineering, but even so, it arrived at a remarkable conclusion: Had the women in those departments participated in founding companies at the same rate as the men, they could have started roughly 40 additional companies to help predict, prevent, and treat disease.

I saw that statistic and immediately thought, “Those are squandered assets.” Women, who are as academically qualified as their male counterparts, aren’t starting companies that could advance innovations in health care, energy, and an array of technologies to improve lives sustainably. We needed to do something about it.

In 2021, we cofounded the MIT Future Founders Initiative to increase the number of female faculty members who start companies. The initiative kicked off with a series of bimonthly talks from academics who had successfully started companies. We developed a series of workshops on launching a start-up, drawing in regional leaders in biotech to guide our faculty. We saw a need for, and set out to build, the infrastructure for women to connect and network, so that when two friends are having lunch and one describes great research results, the other can say, “You should start a company. I’ll introduce you to my funders.”

We continued to select a new group of faculty every two years, providing mentorship, education, and connectivity. In our first year, eight of the nine women selected went on to develop their companies. In its first few years, 21 faculty members participated, leading to 14 start-ups that raised more than $40 million in seed funding.

In addition to the MIT Future Founders Initiative, the late David Schmittlein, then the dean of MIT Sloan School, invited me to co-instruct an MIT Sloan School course, “Corporations at the Crossroads.” The course calls on a remarkable roster of company CEOs to participate in the class. Through student questions and CEO reflections, it focuses on the role of CEOs and their path to executive leadership. I got to know many industry leaders, MIT Sloan students, and professors through the class; the learning and connection never stops. The class became among the top-ranked classes at MIT Sloan.

During more than a decade since stepping down as president, I have also enjoyed making myself accessible to undergraduate and graduate students, who often come to chat in my office. Carrying on the tradition of the mentors who once helped me, I’ve helped and encouraged students in any way I can. Every student should feel agency in their education, where coursework and lab hierarchies are not constraints but opportunities for growth and seeking insight.




Conclusion

It has been a uniquely challenging task to look back through my career by writing this chapter. From my early days of taking apart vacuum cleaners and hydraulic door closers, to mapping the structure and revealing the function of molecularly defined pathways in the brain, to traversing the halls of some of America’s oldest and grandest institutions, I have been blessed by a career that has been as unpredictable as it has been fulfilling.

It has been an honor to have a hand on the steering wheel of extraordinary universities, places full of amazing people with world-changing ideas. The role of the university is to create possibility, not constrain it. It’s a place to discover things outside oneself and inside oneself. Few things are more exciting in life than being part of that world of discovery and opportunity.

I have had the great good fortune to have learned from exceptional mentors, students, colleagues, and collaborators, and I am thankful to every one of them. Most important, I can never sufficiently thank my husband Tom and our daughter Elizabeth for joining me on this wild ride with enthusiasm and encouragement.

Today, when I walk into a lab or stride down the halls of the Koch Institute, I feel profoundly the joy and gratitude of a life that unexpectedly found me. My life and career have been a product of convergence—of the people, ideas, and events that made me who I am, more than the sum of my parts. For each part, I am grateful. For the whole grand thing, well, just thinking about it makes me smile. I have the deepest thanks and gratitude for all my companions that made it possible, my “company of scholars and society of friends.”
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Jeff W. Lichtman


Foreword

Neurobiologists know that to learn why an animal’s brain works the way it does, it is useful to consider its phylogenetic history. This history is important because an animal’s behavioral repertoire is largely shaped by what it has inherited from its ancestors. So, I’m not sure much would be learned by reading the biography of an individual worm from my garden or of a squirrel that lives in the oak tree in my backyard. However, because human brains develop slowly, we are greatly affected by the particulars of our individual lives. These personal histories make us what we are. Of course, these stories are also related to the cultural milieus we find ourselves in and were born into. So, the happenstances that befell our ancestors, the events that continue to affect each of us, and the many people and other living things we interact with all play a role in shaping us. I see the autobiography I’ve been asked to write in this context—as an exercise in providing the backdrop against which to understand how I became who I am.




Family

My parents were part of the sizable cohort of first- and second-generation Jewish émigrés from Eastern Europe who settled in and around New York City in the late nineteenth and early twentieth centuries. The family name Lichtman sounds German, but family lore passed down to me by my father claimed that my paternal roots were in Spain (Sephardic Jews) rather than in Eastern Europe, where Jewish surnames were more German-sounding (Ashkenazi Jews).

The story was that a nobleman from the Russian Empire and his new bride were on their honeymoon, visiting European cities in search of skilled artisans to furnish the castle where they would live. In a Spanish town, they met a silversmith who designed a beautiful candelabra. They invited him to Russia to illuminate their planned palace. Apparently, the silversmith would only go if additional Jewish men were allowed to accompany him for a 10-man prayer group (a minyan). It was said that the prince agreed to transport all these men and their families. All 10 were considered light men (liktht is the word for light or candle in Yiddish) and hence the origin of the name. Whether this is a fact or fiction, I can’t say. However, given my long-standing professional focus on imaging, much of it with light-based microscopy, I am happy to have that association, fable or not.

What I do know with more certainty is that my paternal great-grandfather, Moses Lichtman, came to the United States in 1890 through the Castle Garden Immigration Center in New York, which was the precursor to Ellis Island. Moses was from the town of Kėdainiai (Yiddish: Keidan), which is in Lithuania, then part of the Russian Empire. Keidan was a well-known Lithuanian Jewish (Litvak) center of learning and commerce. Although I am disconnected from these ancestors, I imagine them as kindred spirits, given the Litvak reputation for rational argument in contrast to the mystical traditions of the other main regional European Jewish Galitzianer tradition. Keidan was overseen by the Radziwiłł noble family, who, unlike some other Lithuanians, welcomed Jewish settlement, establishing a symbiotic relationship that lasted for three centuries. In terms of the story behind “Lichtman,” the Radziwiłł family fit the bill. They had multiple castles and were highly cultured and well-traveled, so perhaps the story of a visit to Spain has some truth. Whatever the truth, it now appears unknowable because of what happened in Lithuania 10 years before my birth.

For the last 1,000 years, Lithuania has had a complicated relationship with its borderlands. Before 1795, it was part of a two-century commonwealth with Poland. It then became self-governed but part of the Russian Empire until the tumultuous years of World War II. In 1940, when Nazi Germany began its annexation of Western Europe, a nonaggression pact was drawn up between the Nazis and the Soviet Union, with a secret protocol establishing Soviet eastern and German western spheres of “influence.” This pact led the U.S.S.R. to occupy Lithuania and install a communist government, turning it into the Lithuanian Soviet Socialist Republic.

This annexation tested Lithuanian nationalist pride. Rumors spread that the blame for the communist invasion lay with Jews in Lithuania, who were seen as sympathetic to communism. Jewish complicity in the communist takeover was, I think, false, but the lie was in keeping with a more widespread narrative promoted by the Nazis, who claimed that Jews were responsible for Bolshevism and the spread of the communist agenda.

This Big Lie fueled deadly antisemitism in Europe and especially in Lithuania. Things only got worse a year later when Nazi Germany reneged on its nonaggression pact with Russia and occupied Lithuania during World War II. The Lithuanian nationalists viewed the German invasion positively because it liberated them from the short-lived communist rule. These nationalists also found that their antisemitic views of Jews were in line with Nazi ideology.

Once in power, the Nazis encouraged the mass extermination of Lithuanian Jews, mainly at the hands of their fellow countrymen. Most Lithuanian Jews were not deported to concentration or labor camps. Instead, Jewish men, women, and children were rounded up in town after town by non-Jewish Lithuanian citizens, marched to the edge of town, shot, and buried in mass pits. More than 99 percent of Lithuania’s Jews were killed, more than in any other part of the Nazi scourge. In addition, the Lithuanian synagogues were destroyed, and the houses of the slain Jews were appropriated. The Litvak community of scholars, artists, and merchants disappeared from Europe, and so did my family’s history.

No doubt my great-grandfather and other Jews from Keidan who emigrated to the United States and Israel 50 years before the Holocaust had reason to leave, but they also appear to have taken pride in their cultural heritage in Keidan. In 1900, 10 years after arriving in the United States, Moses Lichtman proposed founding the Keidaner Association of New York, which operated for about 50 years. It pains me that I have very little else to say about my family’s history. My mother’s parents came to the United States “to escape the pogroms,” presumably in Russia. That my father and mother shared very little about their ancestral homes in Europe was perhaps because their parents and grandparents had little interest in describing the difficult circumstances that led to the move to the United States, leaving so much unsaid. I was imbued with this forward-looking perspective, seeing, as my parents did, each step as a prelude to the next.

I know more about my family members—at least on the paternal side—after they settled in the United States, thanks to an unpublished memoir my father wrote in the last decade of his life. My great-grandfather made a living giving Hebrew lessons to children in Brooklyn. His son (one of nine), my grandfather, was captain of both his high school baseball and football teams and became a dentist. His two children, including my father, were part of the Greatest Generation. They were born before the Great Depression and were upwardly mobile, eventually moving out of New York City and into the suburbs. My father and mother were born, raised, and educated in Brooklyn. In addition to attending elementary and high school in Brooklyn, my father attended Brooklyn College. He earned a medical degree from Long Island College of Medicine, also in Brooklyn. He then did his residency at Kings County Hospital in Brooklyn. My mother was trained as a dietitian and attended Pratt Institute in Clinton Hill, Brooklyn. She helped manage a cafeteria near Kings County Hospital, where she met my father. They eventually married.

Shortly after their marriage, my father was conscripted into the army at the tail end of World War II to serve as a physician. Most of the 100-plus medical school cohort who trained with my father ended up in the South Pacific, but 12 of them, who, like my father, had German-sounding names, were sent to Germany. It was not lost on them that they were mostly Jewish and, by my father’s account, had a visceral aversion to going to Germany in 1946. My father was stationed as the medical officer in the small town of Eschwege in northeast Germany. It was the site of a displaced person’s camp composed of Holocaust survivors. My father interacted with many of them, and a few became his lifelong friends. His view was that these survivors were extraordinary and must have had very special traits that allowed them to survive when virtually everyone around them perished.

My parents, as born-and-bred Brooklynites, spent from July 1950 to July 1951 very much out of their element in Salt Lake City, Utah. My father sought mentorship from Maxwell Wintrobe, who was a medical doctor and doctor of philosophy, the eminent hematologist of his generation. Wintrobe came to Salt Lake from Johns Hopkins to establish a new four-year medical school at the University of Utah and to serve as its chair of medicine. In April 1951, Salt Lake City was also my birthplace. According to my father’s memoir, he was my last-minute obstetrician. My mother’s obstetrician was on a plane to Chicago when she went into labor at the university hospital, and the obstetric resident who was on call that evening was at dinner in a restaurant, but no one knew where. There were no cell phones, of course. My father wrote that my delivery was complicated by a sudden placental abruption, requiring him to cut the umbilical cord before I was delivered. He documented a lot of this by bringing a 35-millimeter camera into the delivery room. My baby photo album begins with several pages of black-and-white shots of me, minutes old, naked on a gurney, and my mother nowhere in sight. This scene fits my sense of my take-charge father. I can only imagine how my mother, a somewhat reserved person, felt about his heroics and his documentation of the events of my birth.

My time in Salt Lake lasted three months. My father’s memoir does not explain why the three of us left Utah a year into his fellowship. It does note that Wintrobe was unhappy that he didn’t stay the expected two years. I suspect that my mother felt the need to return to New York to aid her recently widowed mother, who was depressed and suicidal, and who took her own life a few years later. Perhaps they also realized they needed some family support in caring for their first infant. And so they, with me in tow, moved back to Brooklyn, where my father took a faculty position at the newly named Downstate Medical Center (also in Brooklyn).

For the next six years, we lived in Brooklyn, adding my younger siblings, Andrew and Susan, whom we called Ange and Sue-Sue. As this is not their biographies, I won’t be able to do justice to their very impressive lives. Both became professors: my brother in pathology and immunology at Harvard, and my sister, a painter and chair of the Art Department at Brandeis. As children, we lived in a modest part of the borough of Brooklyn known as the Flatlands, on a street lined with small, narrow one- and two-family homes, separated by double driveways between the neighboring houses. On a trip to New York 50 years later, I revisited the street where I lived. By appearances, I found that almost nothing had changed. Other than new aluminum siding, my house was as I remembered it. Seeing the street, I remembered how much time my brother and I, barely in school, spent playing outside with the 10 or so other kids on the block. We were left to our own devices. We roamed our street unchaperoned, but somehow knew never to go beyond the corner candy store on Avenue J or the big street on the other side, Avenue K. This style of urban childhood was somewhat like what my father described about his own youth, pointing out how much childhood—and play—changed for the next generation.

If I remember correctly, an Irish-descended barber and his family, and a single, perhaps Italian or Polish, fisherman were our immediate next-door neighbors. Another doctor, a proctologist whose son, Jeffrey, was my friend, lived a few doors down the street. The neighborhood was diverse, with Irish, Polish, and Italian Catholic descendants, as well as Ashkenazi Jews with surnames like Levy, Cohen, and Lichtman. To us as children, these seemed like distinctions without a difference. Similarly, regarding the educational class, we were oblivious. The academic medicine route my father chose was not remunerative. It didn’t occur to us that it was surprising that a medical doctor, a barber, and a fisherman were next-door neighbors. Unlike my parents’ experiences, my siblings and I don’t remember anything akin to antisemitism in our childhoods or even in our adult lives.

Religion in general took a back seat. Although we certainly did not have a Christmas tree, we also did not light candles on Friday to welcome Shabbat. Our nod to Judaism was lighting the menorah candles for the eight days of Chanukah and, of course, getting a present a day for eight days in a row! In retrospect, while I knew well that I was Jewish and was warned by my parents that dangers were lurking for us at every turn, we were a secularized family in a secularized neighborhood. As children, we found this foreboding quite abstract. It is only now that I am beginning to realize that this halcyon era of relative safety, which began in my childhood and extended into most of my adulthood, may have been more the exception than the rule.

Our summers were spent in New Hampshire, in the “country” where my father was camp doctor for two children’s camps on beautiful Newfound Lake: Tomahawk on the eastern shore for the boys and, across the lake, Wicosuta, for the girls. I started summering there as an infant. Eventually, my siblings and I became campers. This was a wondrous place for us. By the time I was old enough to be a Cherokee, which was the youngest “bunk” at Tomahawk, I was already familiar with and could name many of the sizable mountains that were in constant view. I loved being outdoors, and unlike my brother, who was freckled and fair-skinned and often had a dollop of Desitin on his nose to keep it from peeling, I tanned to a reasonably dark color each summer.

Tomahawk was an athletically focused camp. Depending on the summer, the head counselor was either the coach of the New York University or Columbia basketball teams (Lou Rossini and Jack Rohan). They brought their varsity squads, who earned their keep as counselors. Most of them were not native New Yorkers, and to my Brooklyn-trained ear, all sounded like they had Southern accents. But that meant they were from all places south and west of New England, that is, pretty much the rest of the country. They were gifted basketball players and mostly quite tall. A long time later, it occurred to me that there were no black counselors, even though these teams had black players.

Many of the campers came to hone their shooting and dribbling skills, and many seemed to me to be excellent athletes, especially in basketball. I was not one of them. Although I wasn’t uncoordinated, I was always at the very short end of the height distribution, making me the least valuable player in things like volleyball and basketball. Also, I was less interested in competitive sports than most kids I knew. I didn’t particularly enjoy playing board games either. In retrospect, this may have been because I didn’t like losing and realized early on that the only way never to lose is never to play. For whatever reason, I was drawn to less competitive activities, such as collecting stamps and rocks. I started a rock collection at an early age and had befriended a neighbor whose father was a geologist. He supplied his son with uncut semiprecious gems, geodes, crystals, and the like. Some of them were handed down or traded to me, so over time I had a pretty good collection and could name most common rocks and minerals.

New Hampshire was a great place to collect rocks, and my father encouraged me. I remember early mornings when my father would arrange to meet me at sunrise for rock hunting walks. I was already a camper so I would sneak out of my bunk for these little excursions on the camp’s grounds. On one of these walks, I looked down and found a brownish hexagonal crystal that, based on its hardness, shape, and other features, I surmised was a crystalline apatite. I was really proud of this find. On another walk with my father, I found a three-inch arrowhead that turned out to be a spearhead because of its larger size. This was quite a find, and the head counselor summoned me to raise the flag at the morning assembly in recognition of my good luck. Unearthing these finds solidified my interest in geology, which continues to this day.

Two decades later, during winter break, when I was visiting home from medical school, I recounted to my father how much these early experiences, and the positive feedback I received for being such a talented observer, had shaped my research interests. He was pleased to hear it and grinned as he told me that he planted both the crystal and the arrowhead for me to find. Although this did not make me happy to hear, I realized I had taken that notion—that I possessed good observational skills—as a lynchpin of my entire professional career. What I don’t know is whether this possibly mistaken belief enhanced my observational skills by focusing my attention on observation, or whether, in fact, I was a reasonably good observer to begin with. Was my father trying to show why having that often-neglected skill is valuable? I was too angry to ask him anything when he revealed his trick, and the subject, a sore point for me, was never revisited.

My father was clearly an excellent observer, and particularly of the world of living things. He could recognize many bird species by their songs; he knew the names of all the trees by their leaves and bark; he recognized all the poisonous plants and mushrooms. But he could also name many constellations in the night sky, and he knew many rock names before I did. He gained all this information as a Boy Scout. How he came to be a Boy Scout seems a bit accidental, apparently on a whim when a neighborhood friend in Brooklyn suggested he join. He took to this novel activity and excelled, becoming an Eagle Scout, an Order of the Arrow member, and the summer camp bugler for his division at Ten Mile River Scout Camp on the Delaware River. He was chosen as one of the handful of Brooklyn Boy Scouts who attended the national jamboree in Washington, D.C., where he said he briefly met Franklin D. Roosevelt. By the time he was 16, he was already the nature counselor for the two divisions of the camp with hundreds of scouts learning about nature from him. As the official “naturalist,” it was his business to know everything and answer every question every camper had about the natural world. When we, his children, went on walks in the woods with him, this encyclopedic knowledge was nearly always on display. I took for granted that naming things was a way of knowing them, although more recently I have begun to question its validity.




Education

In 1957, when I was in first grade, my brother was in kindergarten, and my sister was about a year old, my parents decided it was time to move out of the city to a suburb with an excellent school system. At least this is what they told us was the reason we were moving to Scarsdale in Westchester County.

Scarsdale was about a 30-mile drive north of my father’s job at Downstate Medical Center, and the commute took about an hour. We lived there for 12 years, with one exceptional year, 1962–1963, when we lived in England. My father took a sabbatical there to study genetics, because it was closely related to the blood diseases he studied, particularly sickle cell anemia and thalassemia. In England, he worked at the Galton Lab at University College London (UCL) with Sir Lionel Penrose, an expert in human genetics and the application of statistical methods, to better understand heredity. In 1963, when my father was there, the lab was renamed from “The Francis Galton Laboratory of National Eugenics” to the “Department of Human Genetics and Biometry.” Penrose was responsible for this move away from the use of “eugenics,” which was intertwined with now-debunked racial theories promoted by Nazis and others. He was the father of several other well-known, exceptional British Penroses, including Sir Roger Penrose (Nobel Prize in Physics 2020), Jonathan Penrose (British chess grandmaster), Oliver Penrose (another physicist), and Shirley Hodgson (cancer geneticist). Ironically, genes may have played a role in that family’s intellectual gifts.

My year during that sabbatical was spent in Purley, a commuter town 13 miles south of central London. My brother and I were enrolled in Saint Anne’s Preparatory, a now-defunct boys’ school, requiring us to wear gray blazers, short pants, high socks with a green garter, and a red cap with the school insignia. I mainly remember the “Scriptures” class and what seemed to me the inedible lunches of rice pudding that we had to eat or get caned. Corporal punishment, meted out with a bamboo stick on the palm or, if you were very naughty, on the backside, kept me on my toes. I was happy to be back in the states after a year.

Looking back at my elementary, junior, and senior high school years in Scarsdale, this period seems like a rather short time. Still, in the context of my childhood, it was 75 percent of my life. So it had outsize importance in all that followed. Inadvertently, perhaps, a small gesture my father made during my early years in the suburbs was responsible for the direction of my future profession.

My father, like all medical students at that time, was required to purchase a microscope to do urinalyses, blood smears, Gram stains for bacteria, and the like. When his research interests in hematology allowed him to purchase a research-grade scope, he put his med school Leica monocular compound microscope on a desk in the bedroom that my brother and I shared. I do not remember him giving us any instructions on how to use the thing. But at some point, I began putting samples on slides and examining them using several objectives. The illumination was provided either by a desk lamp (at night) or the sun through the tiltable mirror under the microscope’s stage.

I believe I spent a lot of time looking at things. I was surprised by the woven fibers in paper, and by how much less precise the ink in printed letters was than the naked eye could appreciate. My attention eventually drifted to living things like bread mold, small insects, skin, hair, and various bodily secretions. At some point, I set up a rectangular rubber storage container on the windowsill with some soil, leaves, and water. It began to smell, and my mother made me cover it, which I discovered made the smell far worse when I opened it, because of the growth of anaerobic organisms. But inside, I discovered an amazing new world. I found a book that showed what paramecia, amoebae, rotifers, and various algae looked like. Without much supervision, I began to be able to recognize these creatures by their scientific names, although I wasn’t really interested in the names as such, because there was no one to impress with the names of invisible things. More important for me, however, were the many hours I spent following them as they darted forward, backed up, paused, and seemed to be perpetually exploring. I began to think of these protists as living, behaving creatures with motives and agency. This idea stuck with me ever since. My view of neurons in the brain is as a society of single-celled creatures living in a weird, dark pond, spending their time doing what they must to survive in a competitive ecosystem.

When I moved into my own room in the former attic of our house in the seventh grade, I took the scope with me. I began using the oil-immersion lens, which provided higher numerical aperture, brighter images, and finer resolution. At the time, I could clearly see that the oil between the objective and the coverslip made the microscope images pop, but I didn’t know why. Much later, when I began teaching microscopy and building microscopes, I did a deep dive and fully understood the subtleties of how optical resolution and light-gathering were related to oil.

I don’t remember anyone having much interest in my interests when I was a child and adolescent, including in my use of the microscope. I am not sure what I thought I was doing, spending time looking at things. Probably, I thought this was a good way to waste time and avoid doing homework. I didn’t think it was a hobby like rock collecting (even though it was). I didn’t think it was a useful way to learn about biology (even though it was). I never thought having a skill with a microscope was something to aspire to. It seemed totally unrelated to the skills kids honed by shooting hoops, juggling, riding a unicycle, and speaking a foreign language. It never occurred to me to take advantage of this interest, for example, by writing about microscopy in my college applications. At the time, I didn’t think it was any more than a pastime or perhaps, as noted, a waste of time. Growing up, I often felt sidetracked by curiosity, and this tool slaked that urge to avoid schoolwork in favor of something more interesting.

In school, I was a mediocre student. I struggled with some things other kids found easy, but at the same time, some things that other kids found challenging seemed easy to me. For example, in elementary school, the SRA (Science Research Associates) Reading Labs were used to improve our reading skills, with each student progressing at their own pace. After initial screening, each of us was instructed to read pieces at a certain color level. As we mastered that material, we then progressed to higher colors. I think purple was the absolute top, and red, the bottom. I knew where I stood by looking at the colors of my classmates’ book covers. The smart kids were reading in the greens and blues while I was mired in the orange and browns near the bottom of the color scale, and I don’t remember ever moving up. But at the same time, my second- and third-grade teacher, Miss Morris, kept giving me math workbooks used by third-, fourth- and, finally, fifth-graders. I remember some of the big fifth-graders pointing and smirking when I, as a second-grader, walked to school with the same workbook they were using.

Things were much the same in junior high. My English teacher told me she would not recommend me for the honors English track in high school, where most of my friends were headed, because I was a terrible speller. I hoped she thought this was a shame (I remember her sad face) because I seemed to have good thinking ability, but how could one write if one couldn’t spell?

And in high school, it was the same: In French, we began the year just speaking French, and my teacher, Mrs. Mantz, loved my accent and fluency; I think I was her favorite student. About a month in, we had our first dictée, where we had to write in French what she said. I got a C double minus (C−−) with “???” affixed. She was incredulous and asked me what happened. I remember saying I didn’t know, which was the truth. As the year rolled on, it became clear that whatever happened in that first dictation was no fluke; I couldn’t spell French any better than I could spell English words, and her view of my talent for foreign languages dropped precipitously. I ended the year with a C+ in French, the only C grade I got in high school.

I was convinced that I was stupid. In the standard nonhonors English classes, my teachers thought I was cheating or copying when I spoke up, putting on airs with fancy words and ideas, even though I was clearly illiterate. At the time, there was no such thing as dyslexia, just smart and dumb kids. It certainly didn’t occur to me that there was something other than lack of smarts and perhaps profound laziness that was holding me back. I ended high school as a barely B+ student (87 percent). Many of my friends were much better students and headed to Ivy League schools.

My college counselor, Mr. Reed, if I recall correctly, was a sympathetic guy who had gone to Bates College in Maine. He suggested I consider Bowdoin, a good school in Maine. He thought I might have a chance because, at the time, it was strictly for men, which lowered demand a bit. I applied early decision and was deferred. My college entrance test scores (SATs) were okay but not great, so I retook them, this time with some studying. On the second try, my scores, surprisingly, were excellent, which I guess was enough to convince Bowdoin to take a chance on me. I am glad they did.

The only other noteworthy thing in high school (besides being president of the Stamp Club) was an extracurricular interest in writing and producing stop-motion animated films. Together with two friends—Neil, who went on to Harvard and became a pediatrician, and Michael, who went to Brandeis and became an architect—we wrote and produced films. Ironically, given my eventual career, our largest production was an animated film of a professor giving a lecture. The professor was made from painted cardboard with jointed elbows and knees. In the film, he was giving an absurd lecture while birds, planes, and other airborne objects flew by in the classroom. I wrote the script and helped with the arts and crafts. Neil was the voice of the professor, and Mike was the film’s director and cameraman using Super 8 film. This all seemed so hilarious and a joyful waste of time. I don’t think we had any interest in showing this film; we just wanted to make it. But if memory serves, it was pretty good. This production was in the same spirit as Monty Python’s Flying Circus, but when I recently checked the dates, I discovered our efforts preceded theirs by at least a year or two, because the Monty Python troupe didn’t release any of their fantastical productions until we were in college. Eventually, filming time-lapse fluorescence and three-dimensional (3D) computer-assisted movies became a mainstay of my professional life.

The four years of college seemed to go by much faster than the four years of high school. I took to heart the liberal arts dictum to go broad, not deep. Now, I am less inclined to this approach, but then I was completely unsure what I was destined to become. I felt there was some parental pressure to follow in my father’s footsteps and become a physician, but I was less inclined toward service and more toward creation. I imagined being a writer (despite my spelling) or a musician and composer. I had played piano since grade school, and as I was leaving high school, my interest in “writing” music surged. Actually, I was only able to compose by improvising and refining it until it became a set piece I could play fluently. I never wrote my compositions down; I just memorized them, perhaps exposing another weakness in my ability to use the medium of writing. I took music theory classes intended for students planning to major in music. I also took the introductory philosophy course for prospective majors, along with additional English and many science courses.

There was little doubt that science material was far easier for me than music, English, or philosophy, all of which demanded a good deal of writing and reading. I saw this as a challenge: doing something hard rather than something that seemed easy. My mind began to change on this point, however, as I absorbed what my education thus far had taught me: I am, perhaps like most people, intrinsically better at some things than others. If one wants to make progress, maybe the best thing to do is lean into what one finds easy and keep pushing until one reaches a point at which one is challenged, and that is where real progress takes place. Leaning in on something you find challenging from the outset will put you at a permanent disadvantage compared with others pursuing the same area who find it easygoing.

I saw this firsthand at Bowdoin. I was composing a lot of piano music and played these pieces for my friends. One of these friends, Hilliard, who became an art historian and museum curator, was a skilled classical pianist and had perfect pitch. After I performed one of my longer pieces, he immediately sat down and played the whole thing again, effortlessly, it seemed. He told me he wasn’t very good at improvising because as soon as he started improvising, something he knew from his classical training would pop into his head and basically take over the improvisation. I realized that my creativity combined with his innate skill would make for a far better composer than I could ever be alone, and that combination was why great composers are great and why I was not.

In the literary arts, I fared no better. I talked my way onto the board of The Quill, Bowdoin’s literary magazine, and by the time I was a senior, I was editor in chief. Truth be told, my literary aspirations far exceeded my skill. Not being a good writer went hand in hand with not being a good reader. It took me longer to read than it did most people I knew. Reading a novel in her spare time takes my wife, Linda, about a week; for me, it takes months. I read every word, but it is painstaking work for me. For Linda, the language enters her mind much more quickly; she has even told me she doesn’t need to hear the words in her head to understand what she is reading. That approach to reading is profoundly alien to me.

Speaking of my spouse, I recall interviewing classmates who wanted to be on the Quill’s editorial board and found that many of them were far more qualified than I was. One female student interviewed for a board position. At that time, women had just begun to be admitted to Bowdoin, 177 years after its founding in 1794. I asked all the typical questions, like, “What do you find interesting in literature?” To that question, she replied that she was studying Milton, and I said, astutely, “Milton Berle?” That gives a sense of my illiteracy, and she did not spare me, telling me that I was an idiot. I was charmed, and nine years later, Linda Tucci agreed to marry me. She became an accomplished journalist and is now executive editor at a business-to-business technology media company.

As arts and humanities professors began forcefully steering me away from areas like music, English, and philosophy, I was encouraged by the science faculty. Science was the only thing that I seemed to have some aptitude for, and my view, as mentioned above, was to lean into the easy. I gravitated toward labs with microscopes and courses that included microscopy. I took a botany course and learned a great deal about algae. I took a two-semester independent study in biophysics and learned about fluorescence and the algal protist Chlamydomonas.

In that project, I was trying to see whether I could distinguish in vivo RNA and DNA staining using the metachromatic dye acridine orange. When the acridine molecule intercalates into the double-stranded DNA polymer, it fluoresces green, with an emission peak around 530 nm and excitation peak at 502 nm. However, acridine orange binds to single-stranded RNA via electrostatic attraction, and many acridine molecules stack to form an aggregate that fluoresces red, with an emission peak around 650 nm (excitation often shifts to ∼460 nm). This shift to a larger excitation-emission gap is explained by the collective behavior of acridine dye aggregates, which act as excimers. I had a steep climb to learn all this brand-new (to me) photo-physics. Additionally, it was my first experience observing multiple fluorescent colors in the same biological sample using specialized dyes, a subject that kept me busy for the next 50 years. Many years after this first foray into fluorescence, my dear colleague José Conchello and I wrote a primer on “Fluorescence Microscopy” for Nature Methods (Lichtman and Conchello 2005). That is one of my most cited papers.

It was in college classes and labs that I began to realize how clumsy most microscope users were. My classmates seemed uncomfortable with the location of the knobs, adjusting the eye pieces, finding the relevant part of a slide, and so on. Of course, for many of them, this was their first experience with microscopy. My early childhood experience with microscopes, thanks to my father, gave me a leg up and set me on a path on which things were easier.

I was in college at a tumultuous time. The United States was deeply engaged in the Vietnam (undeclared) War. Students like me, who had matriculated in 1969, were deferred from the draft (2S) as long as we remained in good standing. This meant that our studies took on increased importance. For the other potential premed students and me, our Waterloo was the first-year organic chemistry course. This was a hard course, and many of us saw it as the establishment’s way to weed out weaker students from the medical profession. As this class took place in my first year at a new school, I had no idea whether I might be weeded out of medicine or, worse, out of college. Failing might mean obligatory military service. I could not avoid this yearlong ordeal because it was an absolute requirement for admission to medical school. My parents were paying for my education, and they expected me to consider a career in medicine. Suddenly, I felt that my education was far more consequential than it had seemed in high school. I was anxious. I have since wondered about the wisdom of having young people face so much stress during their education, as it tamps down their ability to think creatively. I am especially doubtful about the need for course requirements that are not essential to a particular career path. Courses that cull future physicians based on innate skill in organic chemistry or calculus seem misguided to me. I see education as quite distinct from evaluation. When schools see their role as culling the wishful students in favor of the worthy ones based on “hard” classes, they are not educating.

This issue became critical for me in the second semester of organic chemistry, which seemed much harder than the first, and my midterm grades were poor. I found it difficult to read the chemical formulations and to comprehend this written logic. As it turned out, my fate was determined by tragic events taking place hundreds of miles away when four undergrads at Kent State University, including a freshman like me, were shot to death on May 4, 1970, by the Ohio National Guard while protesting the expansion of the Vietnam War into Cambodia. The war’s expansion and the killings in Ohio led to strikes and shutdowns of many of the nation’s colleges and universities. Bowdoin officially closed its doors a few days after the killings. Final exams were not given. Students who were passing their classes were given credit for that semester’s work. I squeaked by and dodged a bullet while fully aware that Kent State freshman Allison Krause was not so lucky.

As I took more advanced classes, my grades improved, and I became an excellent student at Bowdoin thereafter. I did my biology major research project with Professor John Howland, a biochemist. As I remember it, my role was to homogenize rodent livers and assay the effects of various uncouplers of oxidative phosphorylation. It was not my cup of tea, but I was proficient enough in lab technique that my results were incorporated into a not especially impactful publication (Howland, Lichtman, and Settlemire 1973).

One highlight of my time at Bowdoin was an amazing summer spent with a bunch of Bowdoin students, including my brother, working on the Androscoggin River. We analyzed water quality along the river from its entrance into the state in Gilead, Maine, to its mouth at Merrymeeting Bay, covering about 120 miles. We were interested in seeing how the paper mills that processed Maine timber and discharged waste into the river affected water quality.

We conducted many tests, including dropping fluorescent chemicals into the river upstream and then assaying them downstream to measure flow. We also used agar plates to observe bacterial growth and measured the water’s turbidity, temperature, and pH. We traveled mostly in a Volkswagen van. One night, it collided with a moose; neither the moose nor the humans were injured, though the van sustained a sizable dent.

This was my first foray into collaborative science, in which team members were assigned different tasks, and the results were compiled into a report we submitted to the state of Maine, which I believe funded the project. Richard Cohen, who was a year ahead of me after graduating, went to Johns Hopkins for medical school and became the head of vascular biology at Boston University, was our leader. The entire experience was fun. The water quality of the Androscoggin has improved remarkably now, but I am not sure our efforts had anything to do with it.

At the end of my junior year, I began to think about next steps. Research in biology was clearly where I wanted to head. However, I still felt some pressure from my parents to consider medical school. As I was looking at potential programs, I saw that Washington University Medical School had recently instituted a schoolwide combined medical doctor–doctorate in philosophy program. I think it was one of two in the country at the time. I knew nothing about Washington University nor its Saint Louis home. But I was intrigued that the entire education was funded, including a stipend for living expenses during medical school. My father told me that it was a great medical school and that he read the American Journal of Medicine (“the green journal”) because it printed Clinicopathologic Conference Cases from the Medicine and Pathology Departments there, which he found quite instructive, given his interests.

His seal of approval, the fact that I would be far from home, and, if accepted, that I would no longer be financially dependent on my parents, motivated me. I applied to their Medical Scientist Training Program (MSTP), which used an interview process that differed from those at graduate or medical schools. In October, I was flown in for a day of one-on-one meetings with faculty, an interview with the medical school dean of admissions, and, notably, the “group” interview, in which research faculty members made up the group and I was the interviewee. In that interview, I was ushered into a reasonably large room and seated at the head of a long table with maybe 18 faculty staring at me. They began asking questions clockwise, starting from my left.

The questions were, as best I can recall, mainly about science, which was good, I thought. I noticed that as soon as I showed that I could answer a question, I was interrupted by the next faculty member’s question, which was frustrating because I wanted to launch into some long disquisitions showing my “depth” of knowledge.

Now, I only remember a few of these questions, particularly one from Stephen Kinsky, a professor of pharmacology, who sat at the back end of the table and faced me directly. He said simply: “Who is Vane?” Because I had done a summer project on prostaglandins and had written about it in my application, I vaguely recalled that Vane had shown that aspirin blocked prostaglandin synthesis and said so. At that time, the full consequences of this discovery were not known, as it was less than two years old. I could see people were surprised by the question’s bluntness and perhaps by my ability to answer it. Eleven years later, Vane won a Nobel Prize, but back then, he was not too well known.

So, I felt good, but that feeling didn’t last long. The next interviewer asked something I could not answer (and no longer remember). When I stumbled, the interview host said, “Thank you very much; you are dismissed.” I stood up to leave a bit dazed and rattled, realizing that the final third of the people at the table never got to ask a question. I was demoralized, but a few weeks later, in November, I received an acceptance letter.

Although I had applied to other regular medical doctorate programs at other medical schools, I sent my regrets before hearing from most of them because I knew the MSTP program was the right fit for me. That said, I had interviewed at Yale and Harvard, and my mother wanted me to see if I got in, perhaps because of the proximity or because these name brands were more familiar than Washington University in Saint Louis. I got into Yale’s medical school, and she said, offhandedly, that I would obviously go there instead of a school in Missouri. At that point, I sent my regrets to Yale and Harvard (which hadn’t yet made its decision) to end this line of thought. I was more interested in financial independence and the opportunity to do graduate-level research than the school’s name. It turned out that in neuroscience, I could not have been in a better place than Washington University, and I have never regretted for a moment my time there, which ultimately spanned 30 years.

The first summer, before first-year classes began, I rotated with Steve Kinsky, the person who asked the last question I answered at my group interview. He worked on liposomes, which are human-made, spherical, membrane-enclosed vesicles. As a pharmacologist, he understood that they might be therapeutically beneficial for drug delivery. His concern was the immunogenic reactions that might limit their efficacy. I worked on some aspects of the liposome trafficking during their complement-mediated destruction by the immune system. After the rotation, he offered me a position, but it didn’t feel like the right lab, as it was more biochemical than cellular-focused. I found molecules a bit abstract; they all had names, but their physical properties and how these related to their functions were obscure to me. In contrast, I was comfortable with cells, having grown up watching them from a young age. Also, microscopes were not a key part of his armamentarium. However, imaging the trafficking of natural liposomes (i.e., synaptic vesicles) turned out to be the way I began my independent career 12 years after this rotation (Lichtman, Wilkinson, and Rich 1985). My next rotation would have to wait until the end of the first year of medical school.

Medical school, at least at the outset, was a grind. It felt like a return to the worst aspects of college premed science courses: large classes, lots of memorization, and less-than-gifted teachers, with the added challenge that now it was all day, every weekday, rather than the more leisurely pace of undergraduate classes.

To make matters worse, I was operating under several false assumptions. For example, I assumed that being from the Northeast, I would somehow have an intellectual advantage over the mostly Midwestern students in my medical school class. Perhaps because of their slower speaking style, I assumed they would be slower in other ways. Reality set in after the first exam, which was in immunology. The professor was pretty good, and I learned a lot from listening to his lectures. In fact, I got 96 percent on the first exam. When the grades were posted, I found that I was in the bottom 10th percentile because most of the class got 100 percent.

In many of my other classes, I was also quite undistinguished. Whether this was because I was undisciplined and lazy, which is what I had always thought, or, in retrospect, whether this was a consequence of my poor reading skills, I don’t know. But my subpar performance was noted by the head of the Division of Biology and Biomedical Sciences (DBBS), in which the new MSTP program was situated. Professor Luis Glaser, a biochemist trained by the Coris, was a kindly man but told me that much was expected from the small cohort of MSTP students that had the good fortune to be matriculated (five in total my year, I think) at Washington University. He implied somewhat gently, but unambiguously, that I needed to improve.

I realized that my performance was directly related to the professor’s teaching ability, suggesting I was getting more from the lecture than from the textbooks. So, not surprisingly, the one bright spot in my first year was neurobiology, taught by a superb teacher, Dale Purves, a medical doctor (see volume 11). He had just joined the faculty as an assistant professor in the Department of Physiology and Biophysics. A summa cum laude graduate of Yale, he went on to Harvard Medical School, where he began training in surgery, switched to neurosurgery, but quickly settled on basic neurobiology research as his calling (Purves 2020). He was trained by John Nicholls and Stephen Kuffler in the neurobiology department at Harvard Medical School. Then he did additional work with Burt Sackmann in Sir Bernard Katz’s lab at UCL. His new job required him to teach the fundamentals of cellular neuroscience, particularly the three Ps: the resting potential, the action potential, and synaptic potentials.

Electrophysiology was new ground for me. My grounding in physics, especially outside optics, was very weak, so electrical concepts such as resistance, current, voltage, and capacitance were nearly unknown to me. In college, instead of taking the standard introductory physics course, I chose a yearlong biophysics research program, as discussed earlier. In addition, quantitative concepts related to electrochemical gradients, as embodied in the Nernst and the Goldman Hodgkin Katz equations, were alien territory. But the underlying physical principles were so rigorous and, with some work, accessible enough that I found in this area something that eluded me in all my studies thus far: a physical conceptual framework that explained biological phenomena all the way down to the deepest level of atoms or, more accurately, the level of individual ions.

Understanding the movements of Na+, K+, Cl–, and Ca++ across membranes seemed sufficient to explain everything the brain did! I fell in love with this area. Dale presented this material so well that a textbook was unnecessary, and it all made sense! That spring, based entirely on Dale’s lecture ability, I asked him if I could rotate into his lab. It is hard to believe now, but I really knew next to nothing about his research, and my ignorance was obvious during his interview with me. The only question I remember him asking me was, “How are your hands?” I remember looking down at my hands, not understanding what he was driving at, and when he explained that he was asking about surgical dexterity, I said, “I play piano.”

At that time, I had never done anything like dissections, especially nothing like those performed under a stereo microscope. Not surprisingly, he was quite leery to take me on, having been advised that postdocs would be more reliable, but according to Dale’s memoir (Purves 2020), the chair of the Physiology and Biophysics Department Cuy Hunt (see volume 5) told him that my acceptance to the MSTP program was a reliable indicator that I couldn’t be too bad and therefore that I probably would be okay. And so began a long and wonderful relationship with Dale Purves. When I began working in his lab, I told my father about Dale, and it was his turn to be a bit leery: He said a junior faculty member is beginning a steep climb in academia, and they may need to put their careers ahead of their students’. In my father’s view, it would be safer for me to choose the lab of someone who was already much further along. I ignored this advice, just as Dale ignored the advice that an unseasoned grad student is inappropriate for a starting assistant professor’s lab.

In my first summer in Dale Purves’s lab, I found it nearly empty: He had a technician and me. He had truly just started over the past academic year and was busy conducting experiments. He had an electrophysiology rig on a thick marble table, elevated by small tires mounted horizontally for vibration isolation. I put together a second table in the same room that, pretty much, was an exact match of his. These electrophysiology rigs were designed for intracellular recording using what is now called “sharp” electrodes (at the time, patch clamping was not yet in use, so impaling neurons with very fine-tipped glass microelectrodes was the best way to assay their membrane potential). The rigs also included means to stimulate nerves through suction electrodes and to record compound action potentials from nerve bundles with a second suction electrode.

Dale had been working on his first project during the academic year on the superior cervical ganglion (SCG) of the guinea pig. He was analyzing what happened to the innervation from the spinal cord to ganglion neurons after the drive to the ganglion cell’s peripheral smooth muscle targets was interrupted by cutting the ganglion cell’s outgoing axon. By the time I came to the lab, he had made a pretty strong case, although not yet published, that about three days after axotomizing the output of these cells, their synaptic input began to weaken, meaning that neurons disconnected from their downstream targets were losing their upstream input. This suggested some linkage between multiple levels in a synaptic relay. I could already see the trajectory of this interesting perspective. For my rotation project, he asked me to develop an approach to visualize these axotomized cells by intracellular injection of a visible dye.

Dale had previously worked with a great cellular anatomist, Uel “Jack” McMahan, who had performed fluorescent dye injections using Procion yellow and was beginning to work with horseradish peroxidase (HRP). This latter new approach was to inject HRP, which, by virtue of its enzymatic reaction with a benzidine substrate that could pass indiscriminately across cell membranes, could generate far more colored product molecules than the number of molecules of an intracellularly injected dye. Seeing individual neurons in a microscope sounded great to me, so I set to work on getting HRP injection working. This approach worked well, and I began to analyze the appearance of axotomized versus control SCG cells. I quickly discovered that axotomized neurons had stunted dendrites that ended in bulbs. I used a camera lucida on the microscope to trace these odd-looking neurons with dendritic “retraction bulbs.” My summer project was complete, and Dale was pleased with this useful additional data for the paper.

I returned to med school for my second year, happy with the rotation and committed to pursuing my doctorate with him. During winter break, he told me that the paper had been accepted by the Journal of Physiology and that several of my tracings were included as figures. I was excited about this because the intracellular HRP injection was the first use of this new technique in the mammalian nervous system, and I knew that I was responsible. When the paper came out, I saw that I was acknowledged for doing some of the injections, but he was the sole author. I told my father about this, and he reminded me of the warning he gave about the challenges of working for a young investigator. One of the challenges, however, was with a peculiarity of the Journal of Physiology, which, back then, required that the authors be listed alphabetically. It is why we think of famous publishing duos like Hubel and Wiesel, del Castillo and Katz, Katz and Miledi, and my favorite quad team: Aguilar, Bisby, Cooper, and Diamond, published in those orders. I knew that “Lichtman and Purves” would not accurately represent his enormous yearlong versus my very brief summer effort. So, again, I did not heed my father’s warning and decided not to make an issue out of my nonauthorship.

This research on axotomy taught me a big lesson: Synapses can be lost through changes in the postsynaptic cell’s state. This idea permeated much of my subsequent work on synapse elimination that continues to this day.

The rest of that second year of medical was uneventful except that I failed obstetrics and gynecology. This was a classroom course with poor teachers and an impenetrable textbook—a perfect storm for me. I had to repeat the class during my hiatus the next year when my doctoral work began. Very embarrassing, but I passed the second time around.

When I rejoined the lab after year two of medical school in the summer of 1975, I had to decide on a thesis project. I would stay in the lab until the thesis was complete and then, years later, rejoin medical school and a class of students whom I had not met previously. To help me start a project, Dale showed me a letter he had received from János Szentágothai (1912–1994), the great Hungarian neuroanatomist, introducing Dale to a novel preparation. In this brief letter was a sketch of the neck of a rat exposing a triangular region of connective tissue bordered laterally by the lingual nerve and medially by the pair of salivary ducts for the submandibular and sublingual salivary glands. The ducts crossed the lingual nerve at the apex of the triangle. As I remember it, Szentágothai drew small clusters of neurons in the connective tissue and explained that these were the parasympathetic ganglion cells that controlled salivation through the two nearby salivary glands. Apparently, no one had studied these cells previously, and Dale thought they would make a good place for a thesis project.

I am grateful that he gave me first dibs on what turned out to be the thing that set me on my career path. I practiced a bit and was able to do the dissection easily. I also found that I could record from these nerve cells with little trouble and activate them by stimulating the lingual nerve, which was the path the preganglionic axons took to the scattered ganglion cells through many small nerve branches that exited the large, mostly sensory lingual nerve. Given their sparse distribution within this triangular connective tissue sheath, the cells were difficult to find. To make intracellular recording easier, I procured an inverted microscope from Cuy Hunt and built a small stage with a coverslip bottom and a magnetic rim to pin the triangle in place using insect pins attached to tiny magnets. Now I could see clusters of cells clearly, and with the use of differential interference contrast (DIC) optics, I had an easy time picking out cells to study.

Many of the ganglion cell clusters were only one cell thick, providing me with remarkable optical access to mammalian neurons. Dale suggested that I see whether the synaptic weakening he had described in axotomized sympathetic neurons also occurred in parasympathetic neurons. This seemed like a good plan, and in reasonably short order, I could see that the same phenomenon was occurring in a parasympathetic ganglion. I felt this was a bit derivative and told him so. To me, it didn’t seem like much of an insight. He agreed and next suggested that I see whether the phenomenon of “denervation supersensitivity,” in which postsynaptic neurotransmitter receptors distribute themselves all across the membrane of a muscle cell after it loses its excitatory synaptic innervation. This phenomenon had been demonstrated in a year earlier in denervated autonomic neurons in frogs. The question now was whether this was also true for mammalian neurons.

This was a more challenging project because it required iontophoresis of acetylcholine onto the surfaces of denervated and normal ganglion cells while doing intracellular recording from the same cells. With some effort, I got this up and running and obtained results suggesting that the same phenomenon was occurring in mammalian neurons. But again, I was unsatisfied as it seemed too incremental for a thesis project. I again told Dale that this was not my cup of tea. I had already spent six months trying these things out. He was exasperated and asked me if I had any ideas. I did have one. When recording from these ganglion cells, I noticed that many were singly innervated, meaning a single axonal input strongly drove them. I knew this because, when recording from the cells for the first two projects, the response to nerve stimulation was all-or-none: At one stimulation voltage, the cell showed no depolarization, and a slight increase in lingual nerve voltage elicited a suprathreshold response with no intermediate synaptic response.

I found this interesting because I knew from Dale’s work on the SCG, whose cells were multiply innervated by around 12 axons, that increasing the strength of stimulus to the nerve gave rise to progressively larger postsynaptic responses. I also remembered a drawing in a paper by McMahan and Kuffler (1971) showing a single axon making multiple synapses on an amphibian autonomic neuron, and the paper making the point that this arrangement was akin to a neuromuscular junction, which was also singly innervated by one axon that established multiple nearby synapses at an endplate. I also knew of a recent paper by Paul Redfern (1970) showing that in distinction to singly innervated adult neuromuscular junctions, newborn neuromuscular junctions were multiply innervated, and in rats, this transition occurred in the first two postnatal weeks.

Putting all this together, I suggested that it would be interesting to check if neurons in the submandibular ganglion also transitioned from multiple to single innervation during development. Dale seemed okay with the idea, and I think it was the next day that I got a young rat pup to record the synaptic potentials from the immature submandibular neurons. It only took a few minutes to realize that neonatal submandibular ganglion cells were innervated very differently from adult cells. They were innervated by many axons, and many of these inputs were much weaker than the suprathreshold input in adults.

As I was recording, Dale walked by, and I was excited to show him this result. His reaction surprised me because he seemed less than impressed and said something to the effect of “What would this show?” I was sure this was an interesting result, but I wasn’t yet sure why. I went home that day thinking about his important question: What would this show? I have spent more than 50 years grappling with that question. The next morning, Dale approached me, and apparently, he had also spent some of the previous evening thinking about this. He said that on reflection, he thought this was an interesting project, and I should continue with it. So, we were on the same page again.

In retrospect, I have considered why I thought this was a more interesting project than the ones he had suggested. After all, this project was an extension of the work of Redfern to a different part of the nervous system and was analogous to Dale’s suggestions, so was this actually a better project? One possibility is that it wasn’t. Rather, it was just more interesting to me because I thought of it. I am sure my ego played a part. But I had no trouble expounding on why this find was potentially very interesting. For me, the critical matter was that humans are, neurologically speaking, profoundly immature at birth and depend on experience to develop language and motor skills and to craft a functional nervous system. I already knew that Homo sapiens is an outlier species, that most animals innately know much of the behavioral repertoire they will need. Humans, in contrast, are obligatory learners and require experience to generate a nervous system that is fit for the environment they are born into. The neurobiological underpinnings of that difference were poorly understood, and frankly, still are. The fact that, in a mammal, the wiring diagram might change in early postnatal life seemed like an intriguing avenue to pursue, and I have stuck to my guns and continued this line of inquiry ever since.




Research

In Dale’s lab, I flourished. He had a highly efficient work style that I tried to emulate, not realizing how unusual it was. He kept strict hours. He came to the lab at a quarter to nine and left at a quarter to six every weekday, and also worked a half day each Saturday. During the workday, we took few, if any, breaks and at the outset, at least, talked rarely. We came to work, and work we did! The day began with each of us preparing our dissections, making Ringer solution, and pulling pipettes for recording. Once everything was ready, we went to our rigs to collect data. In addition to my thesis work, I participated in several collaborative projects with Dale. In many cases, Dale wanted recordings from 200 neurons for each analysis to be included in the eventual publication. To accomplish this, we split the work between his rig and mine. We used xeroxed worksheets that allowed each neuron to be marked with boxes to fill in all relevant data. The pre-computer age meant that all of this was handwritten. In a typical day, we would each collect data on 20 neurons, so that in one week, we could be done with 200 cells and move on to the next experiment the following week.

As I remember it, more specialized data collection, such as electron microscopy, was worked on at the end of the day or on weekends. I quickly realized that I was not nearly as good as Dale at preparing my sample by dissection, nor at getting good “sticks” of neurons. We had a strict criterion for what constituted a suitable resting potential for a cell to be counted. So, I began coming into lab two hours earlier than he. I was always a “morning person,” so coming in a little before 7 a.m. suited me fine. This efficient pipeline meant that we were churning out papers at a good clip. Indeed, what often takes the longest for me now is paper writing, but this was done in the evening by Dale. I wondered if he ever slept. For this reason, paper submission also came shortly after the final data acquisition was complete, because he was writing as we were collecting data. The only time to really relax was the lunch break, which was at the same time each day in a lunchroom where many of the faculty gathered, and I usually joined him. This was a treat for me, as it gave me an opportunity to listen in on how faculty thought and talked about things, from gossip to politics to science. Consistent with the orderly way we collected data, Dale’s lunch was a white bread sandwich, a 7UP, and a Reese’s Peanut Butter Cup two-pack, the same thing, every day.

My work on the submandibular ganglion cells was taking shape. I showed that over the first postnatal month, the number of inputs per ganglion cell was dropping, and by a month, almost all the cells had one suprathreshold input, and about 20 percent had two or more, rarely three or four inputs, but these were subthreshold for the vast majority of cells. Although I was taught about temporal and spatial summation of weak synapses, in this ganglion, the weak synapses played no obvious role because I couldn’t stimulate them at high enough frequency to summate above threshold; they would just fatigue. I took this to mean that nature needs to be good enough to achieve the desired outcome, not perfect, to remove small amounts of synaptic “noise.” This idea has stuck with me in all my more recent work.

I also showed that these cells rarely had dendrites but did have small, spine-like protrusions from the cell soma where synapses were located. I used a dye that I read about to stain the axonal terminals. Zinc-Iodide Osmium had some specific affinity for cholinergic axons and labeled these axons black. Staining the adult ganglion showed a number of black-stained axons and ganglion cells that were encased in 30–50 black varicosities (boutons). I took these swellings to be the release sites of a preganglionic axon originating in a brainstem nucleus and terminating on the cell body of a ganglion cell.

The same staining approach, however, gave a different result in newborn rat pups. In the neonate, I saw many more stained axons, but the number of boutons was much reduced. I confirmed this with electron microscopy. The conclusion I reached was that as axonal inputs were eliminated, the remaining axon added more synapses, more than compensating for the lost connections. I told Dale I thought this was ready to be published, and he agreed. He suggested that this be published as a “note” to Nature, which was the short-form publication in this widely read journal. He also said that this was a solo effort, and I could publish this without him as – coauthor. Even as green as I was, I knew it was unheard of for the thesis mentor not to coauthor their student’s work. I immediately began to have doubts. I asked him whether the work was unworthy of his joining as an author. He said something to the effect that it was more a compliment than a diss: He really liked what I had done, but he had played very little role.

I remembered then how I had held my tongue earlier when he chose not to include me on his first solo paper. I saw his action as both generous and, perhaps, a form of payback for the earlier omission (although we never discussed this), and also as evidence of his enormous integrity. This view of his integrity has remained the cornerstone of my deep appreciation of my thesis mentor.

I wrote the paper, probably with a great deal of help from Dale, but with me as the only author, and submitted it before Christmas break in 1976. A few days later, I was back East in Massachusetts, visiting my parents. Dale called to say that the paper was returned with a statement from Nature saying that it was possibly interesting but belonged in a more specialized journal. Crestfallen and having never, at least back then, heard of a paper being returned unreviewed, I was quite unsure of myself and my future.

When I got back to Saint Louis, I set to work on a longer version for the Journal of Physiology, which at that time was the journal of record for cellular and electrophysiological neuroscience. That spring, Dale was invited to a Dahlem Conference in Germany and presented on my work on the submandibular ganglion. A few weeks later, Miranda Robertson, Nature’s leading biology editor, described the meeting in Nature (Robertson 1977) and wrote:

Investigation of this phenomenon [of synapse withdrawal] in nerve-nerve synapses has been made possible for the first time by the discovery of J. Lichtman, reported by D. Purves (Washington University), that four out of five terminals made by guinea pig submandibular ganglion cells are withdrawn within four weeks after birth. The broader implications of selective synaptic elimination are suggested by the proposal (D. Hubel, Harvard Medical School) that the period over which it occurs may correspond to the ‘critical’ period within which the development of the central nervous system can be influenced by its input.

Aside from the report mistaking guinea pigs for rats, I was buoyed by the fact that my mentor chose to talk about my work, and by the sweet irony that it was interesting enough for an esteemed Nature editor to write about, but perhaps not interesting enough for the same editors to send for review just months earlier. I suspected that a sole-author paper by an unknown graduate student from Missouri probably never had a chance.

Robertson’s piece was published one week before I submitted this work to the Journal of Physiology. I had two excellent scientists as reviewers (Phillipe Ascher and Constantino Sotelo—years later, each admitted to reviewing my first paper), and the paper was out in December 1977 (Lichtman 1977). Concurrently, several Italian neuroscientists were making the case that the one powerful climbing fiber that drives the activity of mature Purkinje cells in the cerebellum is also preceded in early postnatal life by a period of multiple climbing fiber innervation (Crepel, Mariani, and Delhaye-Bouchaud 1976; Delhaye-Bouchaud, Crepel, and Mariani 1975). Hubel, Wiesel, and LeVay ( 1977) were showing that segregation of ocular dominance columns in the visual cortex also occurred as axon branches were pruned.

Dale and I then did a project that showed that synapse elimination was not restricted to cells that ended up with only one strong input because synapse elimination also occurred in SCG cells that ended up with multiple inputs, but had twice as many at birth (Lichtman and Purves 1980). It was becoming abundantly clear that neurons in mammals were connected differently in early life than later on and that the removal of connections was widespread. My second solo thesis paper delved into what I considered an important question about the underlying cellular mechanism driving this synaptic reorganization. This paper was also the beginning of the conceptual approach that has been my constant companion for 45 years.

This second study of the submandibular ganglion posed the dichotomy at the root of the mechanism of synapse elimination: Was this withdrawal related to axonal territoriality or was it related to the control of individual postsynaptic ganglion cells? To distinguish between these alternatives, I thought it would be useful to map the locations of all target cells innervated by each preganglionic axon that converged on a cluster of ganglion cells. I reasoned that if axons mutually inhibited one another from occupying the same territory, then contiguous target regions would each be innervated by a different axon in the adult. I thought that the cases in which an adult cell was innervated by more than one axon might be at the borderlands between axonal territories. If, however, each ganglion cell was innervated by one powerful axon, but each target cell was the extent of that axon’s territory, then the target cells themselves might play a role in choosing which axon stays and which goes. To decide between these alternatives, I used sequential pair-wise intracellular recordings in a cluster of ganglion cells. For each pair, I ramped up the voltage applied to the lingual nerve’s incoming preganglionic axons to determine whether they were activated synchronously (same axon) or sequentially (different axons). I then removed the electrode from one member of the pair and went on to record from another cell. If cells A and B were innervated by the same axon, and after moving the electrode from cell A to cell C, I could tell whether all three were innervated by the same axon.

By sticking cells more than once, this experiment gave an unambiguous answer: Each nerve cell was captured by a powerful axon, but neighboring ganglion cells that were immediately adjacent and sometimes touching often did not share any innervation. This result strongly implicated the postsynaptic cell in choosing which axon was allowed to add synapses while the other inputs to the same cell lost them. I published this paper, like the first thesis paper as sole author (Lichtman 1980).

The result of this work was impactful for me in two ways. First, it showed that synapse elimination was likely based on competition but indirectly through a judge. I imagined that each target ganglion cell listened to the activity of incoming synapses and then chose, much as female birds listen to male birdsong, to choose a mate. I thought that what made all the synapses of one axon able to compete against the synapses of other axons was that they acted as a unit, because they were synchronously active and could bring the target cell to the action potential threshold. This activity-centric view of synaptic competition has remained a theme in my work, albeit with many nuances over the years. The second impact was that it demonstrated the power of tracing the synaptic connectivity of multiple axons within a single sample. When I was doing this work, it felt quite fresh and powerful to visualize the synaptic connections of many axons within a single sample. I now see this as my first foray into “connectomics” (long before this word existed), and in this instance, I used an all-physiology approach. But the motive behind so much of my work henceforward was to do this same experiment, but at ever larger scales and in less accessible parts of the nervous system.

By the time I left Dale’s lab to resume my clerkship clinical training in medical school (the doctorate was sandwiched between the first two years and the clinical year), I had coauthored 14 papers. This large number was thanks largely to Purves’s impressive work ethic, and we had a lot to say! We wrote together several review and perspective pieces that suggested that, as a team, we had staked out an interesting point of view (Purves and Lichtman 1978, 1980; Lichtman and Purves 1983; Purves and Lichtman 1985a). My thesis defense was held on a Saturday. It was attended by my examiners—Max Cowan (see volume 4), chair of the Anatomy and Neurobiology Department; Cuy Hunt, chair of Physiology and Biophysics; Richard Bunge, a well-known neurobiologist interested in glial cells; Carl Rovainen, an electrophysiologist who studied the lamprey nervous system; and Victor Hamburger, the great developmental biologist—Dale Purves, and me. As I remember it, they didn’t give me a particularly hard time, and the whole affair was over in a bit more than an hour. My experience was different from most modern theses, in which family and friends attend the public talk, followed by a private defense, and usually, a party for friends and family. For me, no audience, no friends, no party.

With the doctorate behind me, I had another important decision to make: what to do next. The clinical training for MSTPs lasted only one year because the fourth year was reserved for electives, and the doctorate was considered more than enough elective time. So, as I began the third-year clerkship in each clinical area, I had to decide whether to do an internship. Most MSTPs went on to complete an internship. I was already pretty sure this would not be the path I would take. I had a lot of momentum in my research and plenty I wanted to do. So, I entered the clerkship year hoping it would go quickly.

To my surprise, I liked clinical medicine a great deal. I liked talking to patients, delivering babies, and even sitting at the bedside of the dying during their last agonal breaths. Everything about birth and death, suffering and surviving, and the role of the physician in a person’s life history completely fascinated me. I had a newfound respect for what “life” was. As a graduate student, I had sacrificed many laboratory rodents and became inured to the slaughter taking place by my own hands. But the momentous firsthand experiences of delivery and death in the clinic changed my perspective and resensitized me to the miracle that life was.

I had a crisis on my hands: Should I give up such a rich career focused on saving lives for the more selfish pursuit of diving deep into something as esoteric as synapse elimination in the rat submandibular ganglion? My mother was sure that it made no sense to focus on rat spit when I could be a doctor. My father was less adamant, but I remember phrases he used like “not burning bridges” to argue that if I missed out on clinical training, there was no going back. In the end, however, I decided that while research and clinical medicine were equally challenging, I didn’t have the stamina or intellectual skill to do both—as was expected of those have combined medical and philosophy doctorates—and so I decided to go with what seemed to me the easier path, continue with research, and give up any pretense of being a physician.

Choosing a postdoc lab was also fraught. Purves thought that I needed to go to the epicenter of brain studies: the Neurobiology Department at Harvard Medical School (HMS). I thought David Hubel (see volume 1), not yet a Nobel Prize winner, would be ideal, given his interest in pruning. Dale did not think this was a good idea and arranged for me to work with Paul Patterson, a terrific scientist, who was one of the first neurobiologists to take what we now call a molecular approach. I am sure I made both angry when I decided that molecular approaches were not of interest to me. I settled on the lab of Eric Frank, who was studying connectivity specificity in the bullfrog tadpole spinal cord.

I joined Eric’s lab at HMS in 1980. Shortly after I got there in the summer of 1980, I met the beloved chair and founder of the Neurobiology Department, Stephen Kuffler, who, when he heard about my spinal cord project, seemed unimpressed by what I might learn and by whether this work was any different from studies being done in rats. Nonetheless, I really enjoyed working on this preparation that bridged the gap between the peripheral nervous system (PNS; muscle fibers, sensory spindles, and dorsal root ganglion) and their central projections in the spinal cord. I continued my work on studying single axonal arborizations and the basis of their specificity (Lichtman and Frank 1984; Lichtman, Jhaveri, and Frank 1984).

Tragedy occurred a few months later when Kuffler died unexpectedly on a weekend trip to his home in Woods Hole. The department was unusual in that it had a number of spectacular nontenured faculty who had no hope of tenure, because the six senior faculty—Kuffler, Hubel, Wiesel, Kravitz (see volume 4), Furshpan, and Potter—were the extent of the tenured faculty that HMS distributed to that department. The junior faculty knew this, but also knew it was the best place in the world to be, and they expected that after their stint in Kuffler’s department, they could get a tenured position elsewhere. That calculus changed with Kuffler’s death—now there was an open slot.

Things grew more unstable a year later, in 1981, when Hubel and Wiesel were announced as Nobel Prize winners alongside Roger Sperry. Wiesel relatively quickly decided to leave HMS for Rockefeller and planned to take several junior faculty with him as well.

This was my first, but not last, experience of a department in turmoil. At a memorial service for Kuffler, I spoke with my former chair, Cuy Hunt, who had worked with Kuffler on muscle spindles. He asked me how things were going, and I said the department seemed unsettled, with morale slipping. I said offhandedly that I yearned for the tranquility of his (my former) department, where nothing seemed to get in the way of work. He said he would be happy to have me come back as a faculty member. And on a handshake, we settled that I would return to Saint Louis when ready. So, in the spring of 1982, I went back to Saint Louis, officially as Cuy’s postdoc, to begin an assistant professorship in 1983. I didn’t look for jobs, and as far as I know, there was no advertisement for the job I got. I also did not negotiate a salary or a start-up package. I did, however, write a grant to the NIH for a Research Career Development Award that paid my salary (a measly $40,000) for five years. So, I was on the tenure track and my own boss.

My second stint in Saint Louis lasted from 1982 to 2004. I began as a senior postdoc with my own lab space under the official mentorship of Cuy Hunt, who was still the chair of the Physiology and Biophysics Department. Cuy was an exceptionally nice and astute person. He was not a gifted teacher and spoke quite haltingly in the classroom. He also rarely convened faculty meetings; instead, he would intermittently show up to inquire or inform. He had a deft touch. His department was quite special; it was home to faculty representing physiology broadly. There was expertise in lungs, kidneys, muscle, cellular neuroscience, systems neuroscience, cell physiology, and ultrastructure of cells, among other areas. I benefited enormously from this diversity.

Cuy provided me with several pieces of advice that helped me in dramatic ways. The first advice he gave was to consider a new preparation. When I came back to Saint Louis, I thought I would restart my work on the submandibular ganglion. Cuy understood the advantages of a highly accessible preparation and suggested one that was even more accessible, but entirely novel: the snake transversus abdominis muscle. Cuy had published a couple of papers on the structure and function of the costocutaneous muscles (Hunt and Wylie 1970; Fukami and Hunt 1970), and he told me he found that another thin snake muscle is present as a left-right pair in each spinal cord segment (and there were hundreds of segments in each snake).

The idea of working on a cold-blooded reptile and working on muscle (my graduate work was on neurons, and my postdoc was on spinal cord) seemed a step backward, especially because the neurobiology of human specialness was where I thought I was headed. But I was intrigued enough to get a common garden garter snake and take a look. The transversus abdominis was only one muscle fiber thick, so it shared the excellent optical access that I enjoyed in the submandibular ganglion. But unlike the submandibular ganglion, the entire connectional pattern was fully in view and more stereotyped in structure. This accessibility enabled many additional types of analysis and a fuller realization of the approaches I was unknowingly beginning to develop in connectomics.

Just looking at the snake muscle under the microscope, it was immediately apparent to me that the muscle fibers were not all the same diameter, implying more than one type of muscle fiber. More interesting, they seemed to alternate: Every other muscle fiber was small. As I was trying to see the synapses on these two types of muscle fibers, I had the idea to take advantage of a remarkable discovery made by John Heuser and Tom Reese: that synaptic vesicle membrane was “recycled” after vesicle fusion with the presynaptic terminal membrane (Heuser and Reese 1973). They showed that the marker enzyme HRP could be internalized by a synaptic terminal following repeated synaptic activation. I wondered if I could do the same with fluorescent dyes. After a few failures, I asked Phil Stahl for advice. He was a faculty member in the department (who later replaced Cuy as chair and changed the department’s name from Physiology and Biophysics to Cell Biology and Physiology in 1984). I sought his advice because of his expertise on vesicles and membrane trafficking. He suggested I try acidic fluorophores. I took his advice, and it worked! I found three fluorescent probes that are selectively internalized by active nerve terminals; they are sulphonic acid derivatives of common low-molecular-mass fluorescent molecules (rhodamine, fluorescein, and 8-hydroxypyrene). Because each probe emits at a different peak wavelength (red, green, and blue, respectively), I found that sequential stimulation of individual motor axons in the presence of different-colored probes allowed visualization of the relationship among terminals of different axons (Lichtman, Wilkinson, and Rich 1985).

In using this approach, I saw several startling things I hadn’t been looking for. First, the thinner muscle fibers had multiple neuromuscular junctions distributed at regular intervals along their length, whereas the thicker fibers each had one neuromuscular junction. Second, the thin fibers almost always had more than one axon at each neuromuscular junction, as seen by the multiple colors of synaptic boutons at each neuromuscular junction. In contrast, the thicker fibers were all singly innervated because all of the synaptic boutons at a junction were of the same color.

Using sharp electrodes, my first postdoctoral collaborator, Bob Wilkinson, who ultimately became a professor in this department, and my first graduate student, Mark Rich, an MSTP, found that the small muscle fibers could not twitch because they lacked voltage-gated sodium channels needed for action potentials. In contrast, the large muscle fibers were of the twitch type and propagated action potentials along their length. Because a “tonic” muscle fiber could not propagate action potentials, the only way such a fiber could contract along its length was by distributing multiple neuromuscular junctions along its length to locally depolarize and hence contract the muscle fiber at many sites. But most interestingly, the fluorescence staining showed they also maintained multiple innervations at each of these distributed junction sites.

It took four decades, but my lab colleagues and I published a paper in 2026 that finally explains why both the single neuromuscular junction and its single innervation require postsynaptic action potentials (Meirovitch et al. 2026). Back to the past, Bob Wilkinson and I followed up with an even more complete connectomic analysis of this muscle, including full maps of the distribution of axons, synapses, and the realization that two types of twitch muscle fibers also alternated (Wilkinson and Lichtman 1985; Lichtman and Wilkinson 1987).

One major change during this period was that Dale Purves, Josh Sanes, and I switched departments in 1985. At the time, Cuy Hunt was retiring as chair, and Phil Stahl was moving the department more toward cell biology; an agreement was made between Phil and Gerry (Gerald D.) Fischbach (see volume 9), who was chair of the Department of Anatomy and Neurobiology at Washington University School of Medicine from 1981 to 1990, for the three of us to move across the hall to Gerry’s department. I don’t remember much discussion about this or even whether my opinion was sought. This switch put us among an outstanding set of neuroscientists—many of whom studied the brain with physiological and anatomical approaches. Even though I was a neurobiologist, up until this point (except for my brief excursion into the spinal cord with Eric Frank during my postdoc), my frame of reference had been cellular physiology and anatomy of the peripheral nervous system. So, this exposure was eye-opening.

Shortly after my return to Saint Louis, Dale embarked on perhaps the most important aspect of our continuing collaboration, recruiting me to help write a textbook, Principles of Neural Development (Purves and Lichtman 1985b). We had access to an empty room in the Cancer Research Building near our labs and spent the first two hours of every weekday morning for a year or more writing and revising the text. The book was arranged chronologically, beginning with neurogenesis and ending with the development of behavior. All told, there were 12 chapters, each speaking to the principles of the various steps in brain development. We wrote the book in this order, and I remember many deep-diving conversations about how brains come into being.

Dale liked to argue about scientific matters, and so did I, so many ideas emerged during the writing that were probably not in either of our minds when we sat down on any particular morning. It is difficult to convey how joyous this effort was for me. When we were done, Sinauer published the book. It was well received, and the field of developmental neurobiology was in its heyday, so developmental neurology courses were popping up everywhere, and our book fit the bill. We wrote this book just before the advent of molecular neuroscience. Its perspective was more in tune with a cellular accounting of brain ontogeny than with either a systems-biology or a molecular approach. For better or worse, this cellular perspective has remained the cornerstone of my worldview on brain organization and its origins. Indeed, when Andy Sinauer, the publisher, said a few years later that it was time for a second edition, we were in a quandary. Molecular neurobiology was now in full swing. Many of the leading lights in development, such as Corey Goodman (see volume 12), Carla Shatz, Larry Katz, Mike Stryker (see volume 11), Tom Jessell, and our own departmental colleague Josh Sanes (see volume 12), were turning their attention to the roles of genes and proteins in neural circuit development.

For me, the challenge of writing about molecules was that there are so many of them, and each molecular storyline is related to its unique evolutionary trajectory. There may not be easily described, top-down, overarching principles beyond the power of natural selection to find solutions that improve fitness over phylogenetic time. I argued that taking the 12 chapters on cellular principles and adopting a more molecular view would require a chapter for each molecular pathway, and that would number in the hundreds, if not more. Furthermore, in most cases, the actual molecules were not known in detail; we only knew their names and, sometimes, their locations. But we had no structural biology to explain exactly how these molecules worked, what their structures were, and how they interacted, and with whom. This level of abstraction made molecules hard to discuss in the kind of fundamental way we could explain cellular principles. We never wrote a second edition.

At this time, a new technical and theoretical hurdle emerged in the research Dale and I were doing, related to inferring dynamic changes when the only data we had were static images from different time points across different animals. What was needed were ways to revisit the same neuron or synapse multiple times over days, weeks, or months. In 1986, Dale and his postdoctoral colleagues showed it was possible to image the same neuron’s dendritic arbor in the SCG by injecting the same neuron with a fluorescent dye weeks or months apart (Purves, Hadley, and Voyvodic 1986). This seemed like an amazing result to me. But to study synaptic plasticity, labeling nerve terminals was required. Given my interest in synapse elimination, it seemed like finding dyes to vitally stain neuromuscular junctions would be the best way to get started.

Dale and I tried methylene blue to study reinnervation of synaptic sites on autonomic ganglion cells, but it wasn’t ideal for long-term study of the same synapses because it appeared to be toxic (Purves and Lichtman 1987). After Lorenzo Magrassi, a neurosurgeon from Pavia, Italy, joined Dale’s lab as a postdoc, the three of us took on the challenging task of finding a good fluorescence probe that could be applied to living mice and stain synapses without toxicity; 18 dyes of a class that show affinity for mitochondria were tested at the mouse neuromuscular junction because of the high density of mitochondria in neuromuscular synapses. Several dyes of the styryl pyridinium family turned out to be remarkably good stains for motor nerve terminals; the best of these probes4-(4-diethylaminostyryl)-N-methylpyridinium iodide (4-Di-2- ASP) appeared to be nontoxic, highly specific for neuromuscular junctions in various species, resistant to bleaching, inexpensive, and easy to use (Magrassi, Purves, and Lichtman 1987). In an accompanying paper and subsequent work, we showed that the same neuromuscular junction could be studied over the life of an animal (Lichtman, Magrassi, and Purves 1987; Balice-Gordon and Lichtman 1990). The result was somewhat against expectations because junctions were quite stable; while they enlarged with the animal’s growth, this was mostly due to growth like a hand, getting bigger without adding or remodeling branches.

A few weeks before we submitted this work on time-lapse imaging of synapses, my second child was born. Linda and I were already parents to Flora, who now hosts Science Friday, the public radio show and podcast. David was born in late May 1987. He was a beautiful child. About seven months later, he began to show dark bruises, and after an extensive workup at the Children’s Hospital at Washington University School of Medicine, a few buildings away from my lab, he was diagnosed with neuroblastoma. I learned that this cancerous sympathetic ganglion cell precursor invades the bone marrow, crowding out blood-forming cells, reducing platelet counts, and impairing blood clotting. We felt we were in good hands; the oncologist assigned to us was an expert in neuroblastoma, and he had identified MYCN (n-Myc) as the leading proto-oncogene associated with the disease. He has gone on to have a distinguished career. Also reassuring was that he seemed to know me through the Principles textbook Dale and I wrote, and we could chat easily. Neuroblastoma is often treatable in children. We were given reason to hope despite the devastating news. I was also struck by how closely this work aligned with my area of study and how fortunate I felt to have an attending physician, given his expertise in autonomic neuron-derived malignancies, who was easy to talk to. After making the diagnosis, a chemotherapy regimen was initiated, and we were sent home. The first round of chemo did not bring the platelet number back up, and so the disease was not yet in remission. Over the next five months, Linda, David, and I were in and out of the hospital as David received progressively more intense chemotherapy regimens, many platelet transfusions from anonymous donors, and multiple treatments for the complications of the profound immunosuppression of chemotherapy. None of these regimens brought a remission. Our respective siblings and my wife’s mother came to stay in two-week stints to take care of Flora, as David’s hospitalizations became more frequent and longer. When the stays were especially difficult, my wife and I would take turns in the hospital so we could get some sleep. After more chemotherapy sessions than I can count, we began to realize nothing was working. My father was a hematologist, and I spoke to him by phone at length. He was unsure of the diagnosis, but he was not an expert on neuroblastoma. At some point that year, he had a myocardial infarction that neither he nor my siblings told us about to spare us the added grief. But we began to have serious doubts that we were on the right path, and we expressed our frustrations with the nursing staff and residents who became highly familiar given our frequent hospital stays. Ultimately, these discussions were deemed provocative and led to a meeting in which the chair of the Pediatrics Department and our attending oncologist took my wife and me to an office to discuss the case. I remember they were both wearing newly starched and pressed long white coats with their names and hospital insignia embossed in red. The contrast between their pristine appearance and the grubbiness and blood that were at our son’s bedside day in and day out was striking. They were stern. We were told that they were in charge and everything was under control. They insisted that we needed to trust them and that our comments were destabilizing and upsetting to the staff. We didn’t argue, and I think we tried to comply. A few weeks later, we were summoned for a second meeting. This time, they gathered the larger hematology-oncology faculty. They told us that on further analysis with additional antibody screens, they were now convinced that David did not have neuroblastoma but a much rarer malignancy, acute megakaryoblastic leukemia. This disease required different and more intense chemotherapy, and I surmised it had a far worse prognosis. David never did go into remission and died in June 1988, 27 days into the second year of his life. It was a traumatic death, with my wife and me in attendance until we were ushered out of the room at a point when David appeared to me to have had a cerebrovascular bleed.

If there are lessons to take from such a tragedy, they are mostly lost on me. I have wondered if the delay in the correct diagnosis allowed the malignancy to be too large to treat, or whether the inappropriately targeted early chemotherapy allowed time for selection of resistant clones. But after David died, I lost all curiosity about his disease. I never understood why this happened and have tried not to dwell on what, if anything, could have altered the outcome. I have, however, had a lot of time to consider, in relation to my work, the enormous challenges an expert clinician faces. A human brain becomes increasingly tuned to a worldview, a perspective shaped by the particular experiences it encounters. All the thinking we do as researchers or clinicians is subject to the biases that we bring to bear, based on what we know. This filtering leads us down our individual life paths and forces us to make decisions consistent with them, for better or ill.

Linda and I had to turn our attention to the living. We worked very hard to maintain our marriage for the sake of our lovely and wonderful daughter, Flora. Three years later, in 1990, Ruth was born. She has become an artist, a filmmaker, a director, and, like her sister, has given us so much to be thankful for.

The profound sadness of mourning was something my wife Linda and I dealt with in a similar way; we dove deep into our professional work. Linda was a journalist and worked at all three of the main publications in Saint Louis, ending our time in Saint Louis as a columnist for the Saint Louis Post-Dispatch. She was a celebrity. She seemed to know everyone in our home city and hobnobbed with the city’s political and business elites. I was engrossed in my research. With my first graduate student, Mark Rich, an MSTP, we studied synapse elimination in muscle using time-lapse approaches made possible by 4-Di-2-ASP (Rich and Lichtman 1989a). The time-lapse approach also gave Rita Balice-Gordon and me deep insight into the role of activity in synapse elimination, as I will describe (Balice-Gordon and Lichtman 1994) and several other subjects where the time dimension gave new insight into synapse formation, synapse elimination, and maintenance, even over more than a year (Rich and Lichtman 1989b; Rich, Colman, and Lichtman 1994; Balice-Gordon et al. 1990; Balice-Gordon and Lichtman 1990, 1993).

In 1988, I also continued to pursue activity-dependent uptake of fluorescent dyes to label synapses and began combining this approach with the 4-Di-2ASP approach in hopes of visualizing the sites of vesicle recycling and mitochondria within the same synapse. But I was stymied by the scatter of the two dyes’ fluorescence signal. I noticed that if I closed the field aperture on the exciting light to only illuminate a small spot on the specimen, the contrast in the small spot was far better than when the aperture was open, and I could clearly see the location of the mitochondria and the location of the recycled vesicles in individual boutons. I thought that if I could scan the preparation with a spot of light, then I should get a far better image. So, I set about making a “flying spot” microscope, although at the time I had never heard of a flying spot (Young and Roberts 1951). As I was building a rotating aperture in the field plane, Cuy Hunt dropped in for a chat, as was his style. He asked what I was up to, and I explained what I was trying to do and described the steric challenges related to the small area I had to work with for the rotating aperture. He made a simple suggestion: Why not put the flying spot along the microscope’s vertical axis, perhaps behind the objective? I knew that the back focal plane of the objective would not generate a spot (it is the aperture plane, not the field plane), but I wondered what would happen if I put the spot aperture in the image plane of a low-power objective and then used that plane as the field plane for a second high-power objective? In this way, the excitation light would be focused on a spot in the specimen plane, and the return emission light that went through the high-power objective below would pass through the same spot on its way back to the eyepiece of the camera.

I put this together in a few days using a Dremel tool to rotate a black piece of paper with holes punched by a sewing machine. When I turned on the rotating disk fast enough that I could no longer see the spots whizzing by, I had trouble believing my eyes. Although the pinhole density was uneven, causing the rotating disk to produce a streaky image, I could clearly see the two fluorophores with no scatter. But the image was even better, because as I focused up and down, the out-of-focus light disappeared. The image was sharper than the widefield image, had greater contrast, and minimized out-of-focus light. I knew I was on to something, and when I showed it around, some of my colleagues suggested I talk to the Washington University Office of Technical Development to apply for a patent. It was during my search for “prior art” that I rediscovered an idea developed by Marvin Minsky (albeit along a different optical path), based on work he did as a Harvard Junior Fellow. His idea was memorialized, not in a scientific publication, but through a relative, a patent attorney, who helped him secure a patent. Minsky described the first of what was later known as confocal microscopy. (Minsky 1957, 1988). Despite the patent, he never received any compensation for inventing confocal microscopy. His goal was to use confocal optical sectioning to disambiguate cells in Golgi-stained brain samples, presumably to obtain the wiring diagram. He was way ahead of his time. Although Minsky was unquestionably a genius, after I invited him to a summer course at Cold Spring Harbor to describe the history of this great invention, I realized he was not a gifted verbal communicator. Indeed, I think the inability to communicate how this approach could be used to reconstruct the wiring of brain cells may have spurred him toward the early ideas of “artificial intelligence,” which became his area for the rest of his illustrious career at MIT.

The problem with Minsky’s design was that it required two pinholes: one in the illumination pathway and one in the detection pathway. Once he aligned them onto the same spot, the only way to scan the specimen was to move it rapidly in the X and Y directions. He did this with two electromagnetic tuning forks. It was very clever but impractical for squishy biology samples, which would not tolerate being shaken by the oscillating stage. The way I was doing the scanning, the only thing that had to move was the spots, which served both the incoming and outgoing light (hence a dual aperture). I soon realized I could use a slit to get very fast confocal images in all directions except in the narrow axis of the slit.

I wrote a number of patents (e.g., see Lichtman and Sunderland, 1989) and published a paper (Lichtman, Sunderland, and Wilkinson 1989) describing this approach. I made a mistake by publishing the work in the inaugural issue of The New Biologist, which I had been invited to found along with several more distinguished colleagues. The cover of this first issue showed the superimposition of 4-di-2Asp and activity-dependent vesicle labeling of a snake synapse via my confocal microscope. The journal, however, survived for only a year. Nonetheless, there was interest in the technique. I was named “Missouri Inventor of the Year,” had a full-page write-up in the Post Dispatch, and Newport Corporation licensed the technology to make a spinning disk confocal based on my design. The royalty payment was enough to trade in a Ford Escort with 100,000 miles and buy a brand-new Mazda Miata the first year it was sold in the United States. Since then, I’ve participated in more than 25 patents, but none have given me anywhere as much financial reward as this first one, a true example of beginner’s luck. A Japanese company later modified the design to add a second spinning disc with microlenses, illuminating the holes in the spinning disc more brightly. That spinning-disk confocal, 35 years later, is still a standard part of the confocal armamentarium, and although I receive no financial reward, I feel some pride that its dual-aperture design is based on my earlier work. After this, I dabbled in developing other new kinds of light-based microscopes, usually with the goal of answering a question related to synapse structure or development (e.g., see Conchello et al. 1997; Lu, Min, et al. 2009; Marques, Conchello, and Lichtman 2000).

My lab became increasingly focused on the mechanism of synapse elimination. It was now the 1990s, and I was a tenured professor. Because I was at a medical school, I had only minimal teaching responsibilities, and plenty of funding, so I could devote myself fully to the mechanisms behind synapse elimination, the subject I began as a graduate student more than a decade earlier. I insisted on taking a cellular approach, even as many of my contemporaries veered strongly into the molecular domain. Gerry Fischbach, my chair, at some point during an annual review, said, in effect, “Surely, sooner or later, you will be headed toward the molecular mechanism of synapse elimination.” I was less sure but told him that once I had the cellular details worked out, I would presumably go in that direction. But then, as now, I continued to find fundamental, unanswered questions that seemed worth studying at the cellular level.

This stubbornness on my part got me embroiled in many arguments, especially with Josh Sanes, my faculty colleague and, eventually, my long-term collaborator, who had built an enormously successful career dissecting the development and organization of the nervous system using molecular approaches. It was hard to argue with his success despite its “moleculocentric” direction. We found common ground on the pitfalls of molecular analyses, however, in our view of an area neither of us studied: long-term potentiation (LTP). We wrote a piece with the title “Can Molecules Explain Long Term Potentiation?” that earned both of us a reputation for contrariness but accurately represented the challenges of transforming a cellular phenomenon into a molecular explanation (Sanes and Lichtman 1999; Lisman, Lichtman, and Sanes 2003). Although I could argue about the supposed virtues of molecular explanations, there was no doubt that molecular approaches could create tools that completely changed the way my lab did its work. Josh was responsible for many of these developments, and more than 30 collaborative papers with my lab show the immense power of his molecular approaches to tool development.

Our initial time-lapse studies of neuromuscular synapse elimination indicated that it was associated not only with synapse loss but also, at least sometimes, with the postsynaptic sites they occupied. This result argued that whatever was driving synapse elimination was not just a shoving match between axons vying to occupy the same sites. My lab colleagues and I turned our attention to the choreography of the loss. The central question was what was the involvement of the postsynaptic cell in axonal elimination. We approached this question in several ways. First, we wanted a more quantitative way to assess acetylcholine receptor (AChR) density in the muscle postsynaptic membrane, which served as our marker of postsynaptic site loss. We developed a nonbleaching fluorescent standard that enabled a quantitative assessment of receptor loss (Turney, Culican, and Lichtman 1996; Akaaboune et al. 1999; Akaaboune et al. 2002). Second, we used physiological methods to show that the sites where receptors were lost were at least temporarily overlain by synapses capable of releasing neurotransmitters (Colman, Nabekura, and Lichtman 1997). Third, to track the fate of the lost receptors, we used focal puffing of fluorescently labeled alpha-bungarotoxin, a nearly irreversible ligand of the AChR, over small regions of a neuromuscular junction to determine whether they were fixed or could migrate. The result of this experiment was a surprise: The local receptor sites that were blocked with alpha bungarotoxin disappeared, and the overlying nerve terminal also retracted (Balice-Gordon and Lichtman 1994). This suggested that silenced local sites disappeared. However, when we silenced the entire neuromuscular junction, nothing happened. This implied that the junction’s active region destabilized inactive sites. Charles Jennings, an editor at Nature, wrote a “News and Views” implying that the active sites were sending punishment signals (he used a red arrow in the diagram) and that the active regions were protected from this punishment signal (he signified this protection as a blue cloud) (Jennings 1994). This terminology permeated all my talks and many of my papers for about a decade.

The other theme that was becoming increasingly important was a deeper exploration of color as a means of distinguishing different axons, especially to better describe synapse elimination. Many aspects of this competitive process of synapse elimination would be clearer if one could see both the eventual winners and losers as separate entities. Lipophilic dye labeling of individual axons was one strategy, as was activity-dependent labeling of different axons competing at the same junction (Balice-Gordon et al. 1993; Gan and Lichtman 1998). It occurred to me that the number of available colors could be greatly increased by using a combinatorial approach in which each label was a mixture of several colors. Our first attempt at this was with lipophilic carbocyanine dyes such as 3,3′-dioctadecyloxacarbocyanine perchlorate (“DiO”), 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (“DiI”), and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (“DiD”) . By using a “gene gun” to ballistically shoot small metal beads with various mixtures of these three dyes (DiOlistics), we could get a rainbow of different colors in a brain sample, and every axon was a different color (Gan et al. 2000). The full embodiment of this approach had to wait for another technological advance: genetically encoded fluorescent proteins.

Josh Sanes and I teamed up on a project that yielded an approach that became the mainstay of my efforts to understand synapse elimination from that point onward. The use of fluorescent proteins, notably green fluorescent protein (GFP), was just in its infancy in the 1990s, but I already knew it would be the ideal probe for longitudinal (time-lapse) studies of synapses, with the added bonus that, if it could be expressed in the cytoplasm of a neuron, one would be able to see the synapses and the axon. Josh enlisted Guoping Feng, a highly talented molecular biologist who was then a postdoc with Josh, to design a means for the genetic expression of fluorescent proteins. After considerable tinkering, the technique worked remarkably well and had one unexpected outcome: Many of the animals had heritable expression of the fluorescent protein (red, green, or blue) in distinct subsets of neurons (Feng et al. 2000). These lines are still in wide use more than two decades later. This approach opened up a wide range of experiments previously unimaginable. We studied the pattern of axon branch pruning in individual motor units (Keller-Peck et al. 2001), time-lapse analysis of synapse elimination (Walsh and Lichtman 2003), and the fate of retracting axons (Bishop et al. 2004). This latter study was also our first foray into serial section electron microscopy, which I felt was a close kin to confocal, just with much better resolution. We used it to study the ultrastructure of retracting axons being eliminated at the developing neuromuscular junction. We used the serial electron microscopy in combination with confocal fluorescent protein imaging for a correlative light and electron microscopy approach. This combo became a standard tool in my lab’s work going forward.

During the decade between 1990 and 2000, I traveled weekly to have lunch with Victor Hamburger (see volume 1) at his home in University City. Victor, who died in 2001, was an emeritus professor in the Biology Department, across the park from the Medical School. He was trained by the experimental biologist Hans Spemann, whose work with Hilde Mangold on “the organizer” earned him a Nobel Prize in 1935. In his own lab as an émigré from antisemitism in Europe, Victor supported both Rita Levi-Montalcini and Stanley Cohen, with whom he conducted key early experiments that ultimately led to their Nobel Prizes for nerve growth factor (NGF) and epidermal growth factor (EGF), 51 years later (1986).

One could easily argue that Victor deserved a share of the credit for the 1986 Nobel Prize, as my colleagues Josh and Dale argued (Purves and Sanes 1987). I have always had a somewhat dim view of Nobel Prizes on first principles, because of their arbitrariness, with no more than three awarded on a subject in a year, which discourages collaborative efforts, and because the awardee must be living to get the award, discouraging respect for researchers who were truly ahead of their time. In addition, Victor, who lived alone and was somewhat retiring, insisted that his longevity—he died at 101—would not have continued had he received the prize in 1986 when he was 86. I enjoyed these lunches. We covered a lot of ground over the decade, and I felt fortunate that someone 50 years my senior with so much lucidity, knowledge, and wisdom—spanning a century of experience—was willing to spend an hour with me each week.

For me, a particularly noteworthy series of discussions centered on comparing descriptive and experimental approaches to biological questions. Victor was trained by the preeminent experimental embryologist of his day, and much of his work continued in this tradition of transplantation, extirpation, and other manipulations. The work of Levi-Montalcini was equally experimental, based on studying the effects of adding exogenous chemical factors from tumors and glands to brain cells in culture, ultimately leading to the purification of NGF.

It was hard to argue that this was not a great example of the power of experimentation to answer fundamental biological questions. But I did (and still do) argue this point. Because much of my graduate and postdoctoral research, and my lab’s research, was experiment free, it relied on description rather than experimentation. It depended more on discovery through observation than on hypothesis testing. I saw a clear disadvantage in using deductive experimental approaches, which are commonplace in biology, compared with inductive descriptive approaches, which were, frankly, frowned upon, for getting an answer. My argument was that an experiment requires a hypothesis and that most papers aim to show that this hypothesis is likely true. I insisted that this perspective almost always leads to trouble because the linguistic framing of a hypothesis is naïve compared with the phenomenon’s actual hypercomplexity.

Victor mostly disagreed but was eager to debate the point. I was especially grateful that he introduced me to the work of someone he thought might be a kindred spirit, Walther Vogt (1888–1941). Vogt did fate mapping with vital dyes to follow embryonic development in cold-blooded vertebrates. He was also willing to argue, even against the great Hans Spemann, that there are fewer interpretive difficulties in observing development than in manipulating it. This was laid out in a paper Vogt wrote in German, later reworked into a masterful book Victor wrote (Hamburger 1988), which contrasted the approaches of Spemann and Vogt. For better or worse, I have continued this tradition of taking my lead from the material I am studying rather than from my ideas. It was heartening to know that Victor believed the same thing. When discussing his experimental work on chick development, according to Johannes Holtfreter (1901–1992), he said: “Our real teacher always has been and still is the embryo—who is incidentally the only teacher who is always right” (Locke 1969).

In the early 2000s, I began to see the writing on the wall for basic research at a medical school. I loved Washington University, but I suspected that this institution was beginning to take its medical mandate seriously. The clinical departments were expanding their research faculty and new buildings were going up, but I felt that the potential for growth for “basic” research seemed stymied. I was offered a few promising jobs in coastal universities that were not in medical schools. I thought a move to a biology department might make it easier to justify the rather nonclinical direction most of my work was headed.

In 2004, I moved to Harvard’s Department of Molecular and Cellular Biology (MCB) across the river from the medical school. Josh Sanes was also recruited at the same time, which was reassuring. At first, I was quite intimidated by the number of great and famous scientists. It didn’t help that at the first MCB faculty meeting I attended, Matt Meselson, one of the fathers of molecular biology, pronounced that the quality of the new recruits joining the department was definitely “going down.” But things steadied, and I found a friendly home among a sensational group of colleagues.

Although in a new lab, my work continued on the same path. From the transgenic fluorescent protein lines, it was just a short intellectual jump to making genetically encoded mice with many colors (i.e., “Brainbow” mice). Using the idea of combinatorial color mixing, as we had done with lipophilic dyes earlier (Gan et al. 2000), postdoc Jean Livet used the random recombination of multiple cassettes of red, green, and blue fluorescent proteins to generate mice that expressed multiple colors (Livet et al. 2007). In that paper, we coined the term “connectomic” in its current usage for the first time; now “connectomics” is legitimized in the Oxford English Dictionary. In 2008, when Tsien, Chalfie, and Shimomura won the Nobel Prize for fluorescent proteins, the New York Times used one of our Brainbow images in the central nervous system (CNS) on the front page to herald the prize. It was a thrill to see how quickly these fluorescent proteins became a standard part of the neurobiology armamentarium. We have used Brainbow to great advantage to study synapse elimination in muscle (Meirovitch et al. 2026) and in autonomic ganglia (Tsuriel et al. 2015; Sheu et al. 2017).

Using Brainbow in the dense neuropil of the CNS proved far more challenging than in the periphery, where neurons and neuropil are much less densely packed. For example, using transgenic fluorescent protein expression with Ju Lu, my first graduate student at Harvard (who is now on the faculty at Lehigh University), we could even do complete analyses of the neuromuscular connectome of a small ear muscle’s innervation (Lu, Tapia, et al. 2009). These complete maps were revealing. One thing we found was random variation in axonal branching, even between the left and right versions of the same bilaterally symmetric muscle. We have used this muscle in several subsequent studies (Meirovitch et al. 2026).

With the advent of expansion microscopy approaches, Brainbow-style fluorescence may ultimately be useful for CNS studies (Shen et al. 2020). Because of the challenges of the resolving power of fluorescence in the CNS, I decided, after our first serial electron microscopy study, to push ahead in that ultrastructural direction. I was fortunate to have two adventurous and highly skilled lab colleagues who had deep interest in this ultrastructural technical direction: Master electron microscopist Richard Schalek and Ken Hayworth (now leading the connectomics charge at Janelia Research Campus). We used scanning electron microscopy and a tape-based collection method thought up by Ken. We used this approach across a variety of species to reveal “saturated” reconstructions of the neuropil, showing that some excitatory axons establish multiple synapses on the same target cell in the mouse cortex (Kasthuri et al. 2015). We studied the development of connectivity in the nematode C. elegans (Witvliet et al. 2021; Mulcahy et al. 2022), the larval zebra fish (Hildebrand et al. 2017; Bahl and Engert 2020; Odstrcil et al. 2022), the marine mollusk Berghia (Sant et al. 2025), octopus (Bidel et al. 2023), and Hydra (Zhang et al. 2025). We assisted Zeiss in the development of a tool for connectomics, a multibeam scanning electron microscope (Eberle, Mikula, et al. 2015; Eberle, Schalek, et al. 2015). This had the same property as the spinning disc confocal. It used a multitude of beamlets to accomplish a scan faster than possible with a single beam.

In 2024, my lab colleagues and I partnered with Viren Jain’s expert team at Google to reconstruct a petavoxel (∼1,000 terabytes) of a small fragment of human temporal cortex removed from a patient undergoing surgery for epilepsy (Shapson-Coe et al. 2024). The entire volume was only one cubic millimeter. Along the way, we developed a suite of correlated light and electron microscopy tools (Fang et al. 2018; Han et al. 2023, 2024). We have also, thanks to the great skill and energy of postdoctoral associate Mariela Petkova, provided the electron microscopy data for a complete fish connectome in a collaboration with Janelia, Florian Engert’s lab at Harvard, and Google. This will probably be the first complete vertebrate connectome spanning sensory systems to muscle output. Because this same fish has also had its neuronal activity monitored using Ca++ indicator dyes, the relationship between circuit structure and function is direct.

From my career-long interest in how experience sculpts or otherwise modifies a mammalian nervous system, all this effort has been a prelude to whole-brain connectomics in adult and juvenile mammals. The NIH developed a program within the Brain Research through Advancing Innovative Neurotechnologies (BRAIN) initiative called CONNECTS to determine whether there is a path to obtain a whole-mammalian brain connectome. I am the principal investigator (PI) of one such grant that spans seven sites and has the goal of proving a proof of principle for getting the “mind of a mouse” (Abbott et al. 2020). This is an exciting venture that is enormously challenging from a technical standpoint and, ultimately, in regard to the possibility of making sense of a complete mammalian brain wiring diagram. The dataset, if we are allowed to continue, will be about 1 million terabytes. But that is a big “if.”

My hesitancy about the future stems from a reality that hit us hard in 2025, when the government conducted a “mass termination” of all NIH and NSF funding to Harvard. Because of my PI role, Harvard was the home institution for this grant, and all my colleagues at other institutions, who were subcontractors, also lost their funding. I had the dubious distinction of having the most NIH grants in the Harvard Faculty of Arts and Sciences, so my lab was greatly affected in multiple unpleasant ways. The pretext for this termination was Harvard’s antisemitism. Antisemitism was not obvious to me, at least in the Science Division of the Faculty of Arts and Sciences. It was not lost on me that the president of the Harvard Corporation, the president of the university, the provost of the university, and, at the time, the dean of science (me) were all Jewish. Harvard went to federal court and won the case, arguing that the action was illegal. As of this writing, the federal government announced it plans to file an appeal of the ruling. At the moment, the lost grants have been reinstated. There is no reason to feel this is the end of the federal efforts to curtail research at Harvard and perhaps other universities. I had taken for granted the US federal government’s remarkably enlightened view of academic research. I was funded by a federal MSTP grant during my graduate work and had continual federal funding until that mass termination more than 50 years later.

Speaking of terminations, I took, and then lost, the job of dean of science in the Faculty of Arts and Sciences (FAS) at Harvard, 2024–2026. When asked to serve, I had, and still have, an active, well-funded lab and extensive teaching responsibilities, and I was no spring chicken at 74, so it was not obvious I would be a good choice. Although I was very busy, I felt I had reason to participate, even though I did not volunteer for the position. When I was recruited to the job, I was hopeful that I would be able to do something that I felt needed immediate attention. The previous Science Division deans were faculty in the physical sciences, and I sensed serious neglect of the life sciences. With half of the division’s departments having biology in their names, this was a serious problem. Given that the dean of the FAS and the president had a background in life sciences, I saw a great opportunity to build in this area. Alas, current events overtook this ambition with a double whammy: the mass terminations of federal grants and a growing unease relayed to me by upper management about profound budgetary shortfalls in the FAS. I was told that the situation required that we restrict faculty hiring, graduate student admissions, staffing, and the like. I was dismayed, given that Harvard was, and still is at this writing, the richest university in the world. I tried to do what I could to keep things moving toward my lodestar: the 10 science departments I served. But I suspect my view of leading from behind, which I made clear as a warning in my first interview for the job, was ultimately not what my bosses really wanted. Although I strongly felt my job was to convene the brain trust of faculty and faculty chairs to enable them to solve their problems, I think the administration sought a different kind of leader, more of a shepherd to guide the sheep. Basically, it was an issue of bottom-up vs. top-down leadership. My superiors felt that good leaders in middle management (such as a science dean) need to toe the line, to comply with the views of administrators in higher positions in the chain of command. This seemed more like following than leading to me. Not surprisingly, I was let go. Anyway, there was some brouhaha about my dismissal because the 10 departments I served seemed reasonably happy with my leadership approach. They were surprised and puzzled, especially when the official line describing my departure as “stepping down” rather than being fired, even though I had told all the department heads I was fired (Gerstein and Mahajan 2026; Thakkar 2026).

I was proud of what I accomplished in my short term of service—perhaps the shortest deanship in Harvard’s history! I began a new educational initiative to introduce first-year students to genuinely hard problems (GHPs) and encouraged them to choose an unsolved scientific problem to work on throughout their undergraduate experience (Pattison 2025). A GHP is a problem in which, despite the best efforts of the extant scientific community, we have made little progress. These are areas in which the lack of conventional wisdom might be an advantage rather than a disadvantage. The goal is to have students see education in the sciences not as a prelude to confronting a hard problem, but rather as an ally, allowing the material learned to be relevant at the time of learning—not the standard long interval between school learning and science research. I also began a secondary field in entrepreneurship, with support from Harvard Business School, for our STEM students who are interested in science but may need to look beyond the federal government for funding. I also changed how the Science Division office operated, including more faculty input than before, when the faculty dean worked with a team entirely of staff. I recruited three seasoned faculty members to serve with me on an executive committee, with pay, so that no decisions would be made without hearing multiple faculty viewpoints.

In any case, what happened to me may be symptomatic of something larger and more important. Research universities have outlasted corporations by hundreds of years (in the case of the Ivy League), but why? Unlike a company, an academic institution sees its value not in terms of profit but in the quality of its academic employees, the faculty. This is why administrative roles are usually filled by individuals with a faculty appointment. I am sensing, over the course of my time in academia, a gradual shift toward the creation of an administrative class that sees itself as a financial steward of the institution rather than as the humble servants of the academy of educators and researchers. New ideas almost always arise from the bottom, and if administrators care more about financial survival than the teaching and research mission, their institutions will perish, as most companies do, by ignoring the folks who know best what is going on in the trenches.




Afterword

Given that synapse elimination has been the central subject of my research for more than 40 years, it has colored my perspective on pretty much everything. One point that I have made repeatedly is that the widespread overconnectivity seen in the protracted developmental trajectory of human beings gives each of us nearly unlimited potential to become whatever our experiences lead us to be. In infancy, as we begin looking around the particular habitat in which we are born, as we begin listening to our parents speak in the particular languages they use, as we begin paying attention to the particular lessons our teachers and elders and eventually our cell phones are proselytizing, and as we begin the arduous struggle to master talking, walking, riding a bicycle, driving a car, and ultimately doing brain surgery or piloting a plane, we become truly expert at a small subset of what was initially possible.

At the same time, we become progressively narrower, less capable, or less interested in mastering other areas or seeing the world through a different perspective. Each of us is thus tuned based on our unique history. This tuning occurs through experience-based strengthening of some pathways, while our brains eliminate others. I suspect that all my strongly held views about science have been shaped by the power of experiences to remove from my cranium all but those few things that resonate with the few wires that remain. Although many of the ideas I believe are self-evident to me, I realize that no one shares my experiences. It is not lost on me that the decades I have spent thinking about synapse elimination as the means to shaping the nervous system have likely shaped my brain to see this perspective as the explanation for who I am. Had my doctoral thesis been on growth factors like brain-derived neurotrophic factor (BDNF) or LTP, I might have been assertive about a very different perspective on how information is stored in the brain. In this sense, I consider myself lucky that synapse elimination left me with the right idea.

I should like to end this autobiographical sketch with what one might call my personal scientific philosophy, distilled from my life history.

My attempts to extract meaning from images have made me aware of the fundamental conflict between my responsibility as a scientist to explain my observations versus the innate complexity of what I am trying to lay bare. I believe that the process of explaining is so fraught that we should, as crazy as it sounds, sometimes, give it up entirely. Take the relationship between genotype and phenotype, or between the brain’s wiring diagram and the behavior it gives rise to. I contend there is no way to explicitly describe the map from one to the other. This isn’t because the former categories (genotype or connectome) are not causally related to the latter ones (phenotype or behavior)—they certainly are! But ferreting out the logic of those relations is stymied by the network properties of genomes and connectomes. We humans like to discretize things; after all, that is the purpose of language. But for highly interconnected networks, such as genes in a genome or neurons in a connectome, such linguistic partitioning downplays the essential requirement for interconnectedness. For me, language feels more like a hindrance than an advantage when dealing with the brain’s evident hyperconnectivity. I see this playing out right now. As I mentioned earlier, my lab generated the dataset for the larval zebrafish, the first full synapse-level vertebrate connectome. The fully segmented and proofread wiring diagram was only possible due to a profoundly collaborative consortium with researchers at Google, Janelia Research Campus, and the lab of my departmental colleague Florian Engert. Although not yet published, many tens of labs are already deeply immersed in studying this wiring diagram. Those interested in the role of cerebellum can, with a mouse click, trace all the pathways of every neuron projecting to the cerebellum and every downstream pathway exiting this CNS hub. Similarly, visual system scientists can trace sensory pathways from retinal ganglion cell axons to motor action in the various extraocular muscles or swim musculature. But when I look at this network without names and labels, I am struck by the large number of connections that cannot be easily rationalized. When I follow a single primary sensory axon into the brain and trace its secondary postsynaptic partners, then the tertiary postsynaptic partners of those second-order neurons, and so on, I eventually label the whole brain. How do we use language to explain this?

This is not the only problem with explaining the brain. One might say that biology contains all the complexity it does because every bit of it is essential. In this sense, biological systems, such as the nervous system, can be considered algorithmically incompressible. Explanation, in contrast, by its very nature, attempts to compress complexity into more easily understood ideas, usually linguistic but sometimes mathematical. In physics, we have equations that powerfully encapsulate complexity (think the Schrödinger equation, the Dirac equation, or Navier-Stokes). Each of these is derivable from principles of physical law, and each yields testable predictions. But in biology, any evolutionary accident that occurred over the billions of years life has existed can become ingrained so long as it confers fitness on organisms that inherit the accidental change. These biological accidents arise from a genomic wellspring that is virtually infinite. This is why explaining, or fully understanding, the nervous system may be too lofty a goal. I know this sounds anti-intellectual, but decades of ruminating brought me to this perspective. To be clear, I don’t see moving away from seeking a unified understanding or theory of the brain as defeatist, because there is another, richer avenue of inquiry available. Might we thus set our sights on a slightly more modest goal than understanding? Could we be content to use our unmatched technical prowess to describe the natural world as fully as possible? For neurobiologists, that would mean a full description of the brain. As I have recounted, “description” in neurobiology is often viewed dimly. I lived through an era when many of my papers were criticized by reviewers as “merely descriptive” because they lacked a clear hypothesis and an experimental manipulation to test it. I was undeterred. Eventually, I began to get reviews that contained phrases like: “despite being descriptive, something interesting was learned.” Human genomes, connectomes, transcriptomes, dinosaur bones, or the cosmos-ome (sorry) add enormous insight not because they test a hypothesis but because they give rise to new ideas. Darwin’s descriptions of bird beaks preceded his revolutionary ideas on natural selection. Katz’s (see volume 1) observations of miniature endplate potentials preceded his quantal hypothesis of vesicular neurotransmitter release. Maybe describing neural networks in their entirety will bring forth regularities that can serve as evidence for those inclined to use their intelligence to formulate hypotheses.

Is our intelligence all that it is cracked up to be? Perhaps stemming from my insecurities about my smarts, or lack thereof, I have wondered generally about the potential limits of human brainpower. In the scientific community, there is an underlying, usually unstated assumption that nothing is beyond our reach; given enough time, humans are smart enough to figure everything out. No doubt humans have already figured out far more than any species before us. And as a neurobiologist, I see this remarkable ability deeply related to our brains. But I also know that our brains are only modestly different in their physical and chemical form from those of our nearest animal relatives. When we consider the behavioral repertoire of the great apes in terms of what they have accomplished, they are more similar to rodents than to modern humans. As profound as our capacity for thought is, we cannot forget that this capacity is grounded in the same mechanisms found in other animal brains. Maybe it is just hubris, rooted in human supremacy over animals, that gives us this sense of unlimited capability to understand things. The dawn of the age of artificial intelligence only adds to our conviction that we (with the aid of machines) will figure it all out. For me, as a neurobiologist, the philosophical conundrum comes down to the challenge that the biological machine (i.e., the brain) that enables us to think is more complex than the thoughts it produces. So where does that leave us? Neurobiologists accept that the things we study hold secrets and insight we consider worth knowing. But we need to go one step further and admit that these systems are far more ingenious and subtle than human thought. To paraphrase Hamburger, we are the students, and the things we study are our teachers. Perhaps it will always be that way.
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Donald Pfaff


Family

I was lucky. Born into a medical family I came to understand that my father, a grandfather, and a great-grandfather were successful surgeons and my mother had been an operating room nurse. (I think that was where she met my father.) Furthermore, I was born into a big Roman Catholic family—my oldest brother was 26 years older than my youngest brother. My older three siblings were pre–Great Depression babies, with all that meant for the pressures on the family. I was the first post-Depression baby, resented by my older siblings for having things easier.

The following are three important things about Roman Catholicism: First, because of the many theological dogmas the nuns shot at you during early grade school, a relaxed, critical mindset emerged naturally. Second, I was chosen as altar boy in third grade because I could memorize the Latin (without knowing what it meant). Third, discipline. Trudging through knee-height snow in upstate Rochester, New York, to serve at a 6:30 a.m. mass took some discipline. That’s been with me ever since. But the Catholicism had to stop.

My older brothers had gone to a Catholic high school and my parents were not happy with it. They said the priest and teachers there “almost ruined my brothers’ minds” (even though one went to Harvard and the other went to Massachusetts Institute of Technology [MIT]). Various tests I took, including the conventional IQ test, confirmed my parents’ impression of my intelligence. So, my father called his Catholic friend who was the principal of the local, public Monroe High School and asked how her school would treat me. She said, “no problem”—in each grade, they have a small honors group. As a result, I was surrounded by great students and pleased to be among them.

During those long-ago days, even the honors students did not get to be instructed in calculus, but the science classes were excellent. My first great psychological reward as a science student came in Mr. Sam Gold’s chemistry class. When the reaction for making potassium permanganate was written on the board, and I carried out the reaction and, indeed, the solution turned purple as predicted, I was on my way. I was hooked on science.

In upstate New York in the 1950s, if you were a good high school student in science and you were a boy, you were expected to go into physics or chemistry, and if you were a girl, you were more likely to go into biology. So, I headed for college thinking about math and physics.




College

I was accepted at the four places I applied, but it boiled down to choosing between MIT and Harvard. I made a big mistake. Because I was uncertain about wanting to become an engineer, I passed up MIT and went to Harvard. Among the Harvard “preppies,” there was a surprising anti-intellectual attitude, in addition to the fact that these students had better secondary school preparation, had fake British accents, and dressed expensively. Ugh. Anyway, as a so-called math whiz, I was thrown into advanced math taught by a super-brilliant guy, Andrew Gleason, who had actually solved one of the “big problems for the 20th century,” as proclaimed by the famous German mathematician David Hilbert. Gleason did not care about teaching and raced through the material using symbols we had never seen. It took five of us students, all with very high SAT scores, working together for about five hours to do each homework set. This discouraged me from advancing in higher math, except for mathematical statistics, which I loved and still do. Later in graduate school at MIT, the course on finite state automata taught by Michael Dertouzos was a lot of fun. My private ambitions about formal approaches to nervous system theory continue to this day.

With a couple of exceptions, the science professors at Harvard were not interested in teaching. In Physics 12C (wave equations), for example, the entire game was to be able to read and then quickly write out extremely long equations. On the hour-long exam, the highest scoring student got 76 out of 100, and the second highest (me) got 28. The teacher did not care.

Two events turned around the Harvard experience for me. The first was an inspiring course taught by the brilliant assistant professor Paul Rozin, who held a double doctoral degree in biology and psychology. His lectures showed me how I could turn my successful academic work in organic chemistry and certain (electronic) aspects of physics into useful techniques for studying brain and behavior.

The second turn of events occurred when I volunteered for Harvard’s Phillips Brooks House mental health committee, for which we visited a state mental hospital. I eventually became chair of that committee, but the experience was miserable. I had “my own” schizophrenic patient to help with but witnessed many things: insulin shock, in which a patient is put into a coma and then receives a strong, convulsive electric shock to the brain; a schizophrenic patient throwing chairs at their television; long rows of catatonic patients sitting motionless and staring at nothing. My private internal reaction: Would my father approve of this low level of medical care? No! This reaction influenced my career plan. Rather than going to medical school headed for neurology or psychiatry, I planned to get a doctorate in neuroscience to concentrate on research that might help address mental problems in the future.

The 1960s and 1970s were a time of great hope for biological psychiatry. Many brilliant people were attracted to this field, including Julius Axelrod (see volume 1), Solomon Snyder (see volume 6), and Floyd Bloom (see volume 7). But what is my opinion about biological psychiatry after more than six decades of witnessing biological psychiatry? Not so great. In my recent MIT Press book Laws of Human Behavior: Steps Toward Hard Science, I paraphrase former National Institute of Mental Health (NIMH) director Tom Insel who wrote, essentially, that “we have done great science but have not advanced the quality of patient care very much.”

My honors thesis was carried out at the Massachusetts Mental Health Center, part of Harvard Medical School. The research had to do with Brandeis and MIT professor Richard Held’s theory that for a human to adapt successfully to an altered perceptual environment (s)he must carry out active movements within that environment. Held’s database was in visual perception. My honors thesis added auditory spatial localization data, which provided some support to Held’s theory.




Graduate School, MIT

I wanted to go to graduate school in behavioral neuroscience with the long-term vision of adding solid scientific understanding of human behavior, “normal and abnormal.” My applications were accepted widely, but I did not want to leave Cambridge because I was in love with a Radcliffe and Harvard undergraduate, a beautiful woman. I did not want to stay at Harvard, but then, luckily, I found out from Richard Held (see volume 6) that MIT was just about to start a brand-new department, which would later become the current Department of Brain and Cognitive Sciences. The new department head, Hans-Lukas Teuber, had made great discoveries at New York University’s Veterans Administration hospital about brain damage from headshot wounds to US soldiers during World War II. Teuber accepted three students, including me.

This was great for several reasons. First, the faculty at MIT was terrific, both inside and outside of my new department. Second, I walked into Joe Altman’s histochemistry laboratory and knew in about five minutes that I would like to work there. Joe was an immigrant from Hungary who escaped (was he escaping the Nazis or the Russians?) by swimming in the Danube. These were extremely early days for investigation of the histochemistry of the nervous system, and Joe’s beautiful work in rat brain combined neurochemical precision with anatomical and spatial precision. Third, after my college mistake, four years later I realized that I was “an MIT guy,” devoted to my work no matter how long the days were or how grungy the work. For example, I was devoting my life to basic research on brain and behavior using laboratory animals to which I was allergic.

Fourth, because we three new students were the very first students in the new Department of Brain and Cognitive Sciences, we realized that the faculty did not have the faintest idea of what courses they wanted us to take. Because I narrowly decided not to go to medical school, I realized that, with permission from MIT, I could get on my bike and ride to Harvard Medical School and take all the nervous system courses there. That was a breakthrough because the neurobiology instruction, led by the fantastic neurophysiologist Stephen Kuffler, was first rate. Moreover, while some of the medical students were grumbling “do I need this in my daily medical practice,” I was grabbing every syllable in triplicate and got A’s in everything. That in turn led to my being accepted into Kuffler’s exclusive summer course at the Marine Biological Laboratory at Woods Hole, where I could learn how to turn the histochemical discoveries I had made in my MIT graduate school work into postdoctoral electrophysiological insight.

As an aside, at Harvard Medical School I took courses in endocrine physiology (called “Guts and Glands”) and molecular endocrinology to support the important research initiatives I’ll discuss.

Parenthetically, I must reflect that my college girlfriend dumped me in favor of her graduate adviser, an accomplished guy five years older than me and more sophisticated. Thus, choosing MIT was an excellent academic decision made for a wrong, romantic reason!

At MIT, my adviser Joe Altman had made a great discovery, overturning the dogma that the mammalian brain at birth has all the neurons it will ever have. That is, he discovered postnatal neurogenesis, now an important and thriving field of research. My first job in Joe’s lab was following the migrations of these newly born, thymidine-labeled nerve cells. This work with Joe helped to spring a wonderful discovery 27 years later, which I’ll describe in the section “Histochemistry.”

On the basis of my disappointment with the backward state of mental hospitals, I hoped to work on neural mechanisms more directly related to behavior. I said, “Joe, for my doctoral thesis work, I’d like to do something more closely related to brain function (i.e., behavior).” Joe’s seven-word sentence in reply was: “I’d like to do something with hormones.” That seven-word sentence led me to a train of discoveries that included the first demonstration of body-to-brain-to-behavior causal connections.

I’d been a good student in undergraduate organic chemistry and knew about steroids. Choosing between the family of stress-related steroids and sex-related steroids, I made the following comparison: Stress hormones fan out across the body, initiating diverse and mechanistically independent processes in the service of preparing the entire body to respond to stress. In dramatic contrast, sex hormones are tightly organized to zoom in on a single type of behavioral process, sex behavior (male-typical and female-typical). And I knew that estrogenic hormones and androgenic hormones are required for female-typical and male-typical mating behaviors. Thinking of what would make a coherent, focused research problem, in the manner of a physical science problem, I decided that I would have a much better chance of making significant discoveries by concentrating on sex behavior. That turned out to be right.

The work would link molecular chemistry to neuronal cell biology and physiology, and thus to the causation of a social behavior required for reproduction. Causal links proved from body to brain to behavior.




Histochemistry

How do sex hormones act in the brain to foster sex behavior? Thinking about sex hormone actions in the uterus and the prostate gland, there was evidence for some kind of hormone receptors. Could I discover hormone receptors in the brain? The answer is “yes.” I did so, in fact, but the path to success was long and laborious (summarized in Pfaff, 2017). To provide a coherent account of that process, the following several paragraphs link my graduate student work to experiments in my lab performed at Rockefeller long after my doctorate.

The organic chemist Elwood Jensen, in 1961, had just produced the first carrier-free tritiated estradiol and licensed it to New England Nuclear. I got one of the first shipments, which enabled me to begin using autoradioradiography for exact, precise cellular localization of estrogen and androgen receptors in the brain. Tritium is important for spatial resolution of hormone receptors in the brain because the beta particle emitted has such weak kinetic energy that the only way it can reach the nuclear track photographic (NTB)-3 emulsion to render a grain black (when developed) is to go straight down into the emulsion. That meant great spatial resolution for cell-by-cell measurements.

What would be my new histochemical procedure? I made a list of 13 technical approaches, in order of my a priori estimate of likelihood of success. The actual work took more than three years. The winning procedure was the ninth, and the results were published in Science (1968). At every step, there was a tremendous amount of work in the darkroom: coating microscope slides with the Kodak nuclear emulsion NTB-3, serial sectioning brain tissue at 6 micra, and carefully loading the tissue sections (without mechanical pressure) onto the emulsion-coated slides. Then the microscope slide boxes, with a drying agent, had to be sealed and stored in a lead box (protection against ambient radiation), which remained sealed for about three months. That long a time was required because of the low specific activity of the tritium in those days. Thus, the rhythm became: (1) Try a new method and get the slides into the lead boxes; (2) go to Harvard Medical School to take a course in neuroscience or molecular endocrinology; and (3) return to the lab to develop the autoradiograms. Fail, and move on to the next cycle of three steps using the next method from my list.

Eventually, I succeeded and got good autoradiograms to chart cells that had bound tritiated estradiol carefully and comprehensively (preliminary report; Pfaff, 1965). The biggest populations of labeled cells were in the hypothalamus, the preoptic areas (POAs), the corticomedial amygdala, the lateral septum, and the hippocampus. Thus, a limbic-hypothalamic system, called a system because later we documented dense anatomical connections among these cell groups (Cottingham and Pfaff, 1986).

For female-typical mating behavior, the most important estrogen-binding neurons were located in the ventrolateral corner of the ventromedial nucleus of the hypothalamus (vlVMN). We discovered this by eliminating estrogen throughout the body (ovariectomized rats) and inserting a tiny cannula that delivered estradiol to vlVMH, which caused the female to exhibit typical mating behavior: vertebral dorsiflexion of the head, back, and rump to achieve a sway-backed posture, which permitted fertilization by the male (Davis et al., 1979). This was an estrogen-regulated social behavior essential for reproduction, which revealed that the essential molecular estrogenic actions on nerve cells are located on neurons in vlVMH.

Years later, we came back to the receptor localization project with a different histochemical technique and got the same results, describing the same limbic-hypothalamic system (Pfaff and Keiner, 1973). Likewise following up the autoradiography with biochemical measures of cell nuclear estrogen binding, with Richard Zigmond and Bruce McEwen (see volume 8), we confirmed our early histochemical results.

Of course, we wanted to follow up the discovery of hormone receptors in the brain, a discovery made in the rat brain, with work in other species. Over many years, my lab and other labs studied estrogen receptors (ERs) and androgen receptors in all classes of vertebrates: fish, amphibians, reptiles, birds, and mammals (including humans). Our lab focused on paradise fish, frogs, lizards and snakes, chickens, and chaffinches, and among mammals, on mice, hamsters, and rhesus monkeys. Dick Swaab, in the Netherlands, and Jeff Blaustein, at the University of Massachusetts, demonstrated human ER immunoreactivity in the same limbic-hypothalamic groups my results had highlighted. Thus, our limbic-hypothalamic system of neurons, which expressed genes for sex steroid hormone receptors, appeared to be universal among vertebrates.

To extend the same set of discoveries, we later used in situ hybridization to demonstrate ER mRNA, for example, in vlVMN, the most important neuronal group for activating lordosis behavior (Lauber et al., 1990). Moreover, postdoc Andrea Lauber’s results revealed that estrogen administration downregulated expression of the mRNA for its ER, and that this downregulation was more significant in females than in males (Lauber et al., 1991).

The conclusion? There is a limbic-hypothalamic system of sex hormone receptors in the brain that is universal among vertebrates. What types of hypothalamic neurons bind estrogens? The first example came from the work of graduate student Harker Rhodes working with Joan Morrell in my lab. They showed that oxytocin-expressing and vasopressin-expressing neurons in the paraventricular nucleus of the hypothalamus bind estradiol (Rhodes et al., 1981).

Knowing that estrogen-concentrating neurons in vlVMN are crucial for permitting lordosis behavior by the female in response to mating by the male, we later asked where they send their axons—that is, where might an estrogen-influenced signal be registered? Joan Morrell, combining estrogen autoradiography with neuroanatomy using a retrograde-transported dye, discovered that estrogen-binding neurons in vlVMN send axons to the dorsal portion of the midbrain central gray (MCG; Morrell and Pfaff, 1982), itself an estrogen-binding cell group. This accounts for one example of the tendency for estrogen-receptive cell groups to connect with other estrogen-receptive cell groups (Cottingham and Pfaff, 1986).




Another Lucky Break: Rockefeller University

When I was close to finishing my doctoral work at MIT, I wanted to follow up my histochemical results on hormone receptors with neurophysiological investigations to look for the effects of androgenic and estrogenic hormones on electrical activity in neurons with the appropriate receptors. Two professors at Yale, one a neurophysiologist and the other a behavioral biologist, agreed to be my postdoctoral advisers, and I was successful in getting National Science Foundation funding for my project. But then they both decided to leave Yale, one to Emory and one to Rockefeller. Despite growing up in New York State in a medical family, I had never heard of Rockefeller. I asked my esteemed neuroanatomy teacher at MIT, Walle J. H. Nauta, “was Rockefeller a good place?” A normally polite Dutch-born guy, he was uncharacteristically brusque, letting me know that Rockefeller was a fantastic place to do research. So, there I went.

On the way from Cambridge to New York, I took advantage of having been accepted into Steven Kuffler’s summer course in neurophysiological techniques at the Marine Biological Laboratory. There I learned intracellular recording techniques by recording from neurons in the visceral ganglion of Aplysia and replicating Eric Kandel’s (see volume 9) discovery of heterosynaptic facilitation.




Electrophysiology

After discovering sex hormone receptors in the brain, I wondered what was next. It seemed clear to me that the next step should be to determine whether nuclear hormone binding would have any physiological effects. Can sex hormones affect electrophysiological responses to sex-relevant stimulation? Comparing opportunities to follow up my estrogen-binding results to my androgen-binding results, at first the androgen route of neurophysiological recording seemed to be better. This was because the responses of the male to female odors are so important in rodent sex behavior. Indeed, by recoding from individual male rat POA neurons, which regulate male sex behavior, we showed potentiating roles for testosterone (Pfaff, 1969). Administration of testosterone, either directly into the POA or by systemic injection, influenced the electrical activity of preoptic neurons. Direct preoptic administration increased the magnitude of single-cell responses to electrical shock of the olfactory bulb and to odor.

Despite the interesting results with testosterone, I began to reflect, soberly, on how hard it might be to get a complete set of neuronal mechanisms for male sex behavior. After all, my scientific “problem,” stated in the manner of the “hard sciences,” was to answer the question: “Is it possible to work out the brain mechanisms for producing a mammalian behavior?” The female’s vertebral dorsiflexion response (called “lordosis behavior”), which is essential for permitting fertilization, seemed like a much more tractable problem, so my emphasis in a lot of studies henceforth was to analyze estrogen actions in brain tissue, especially in vlVMN. So the problem became: Using combinations of electrophysiological and neuroanatomical techniques, could I work out the complete circuit for a mammalian behavior? The answer was “yes.”

What that meant was studying sensory processing underlying tactile stimulation of the male on the flanks and perineum, sending signals into the dorsal horn of the spinal cord, up spinoreticular tracts into the hindbrain. Likewise, that meant working my way “backward” from lordosis-executing muscles, to the relevant motoneurons, back up reticulospinal and vestibulospinal tracts to the hindbrain. And, of course, we had to discover the estrogen-influenced efferents from vlVMN to the midbrain. All of this took a lot of time.

Knowing that estrogen binding in vlVMN hypothalamic neurons is necessary and sufficient for permitting lordosis behavior by the female, could we demonstrate the electrophysiological effects of estrogens on the neuronal activity of those neurons? Yes. Research associate Lee-Ming Kow and I (1985) made comparisons of VMN neuronal electrical activity between estrogen-treated and untreated preparations and showed that chronic, in vivo estrogen treatments, while having no effect on resting firing rate, selectively facilitated the responsiveness of silent neurons to excitatory orthodromic inputs, including responsiveness to the excitatory actions of acetylcholine and norepinephrine. Estrogen administration also potentiated VMN neuronal depolarizing responses to histamine and NMDA (Kow, Pataky, and Pfaff, 2006) replicated by studies of responses to histamine mediated by H1 receptors (Easton et al., 2004; Dupré et al., 2010). In other patch clamp experiments run by postdoc Anna Lee, we found that estrogen increased VMN neuronal responses to phenylephrine (Lee 2008a, 2008b), with the currents being mediated by N- and L-type calcium channels. So we had several experiments showing that estrogens heighten physiological responsiveness in VMN neurons, a site where estrogens facilitate reproductive behavior.




Toward a Complete Behavioral Circuit

Activation of VMN neurons by estrogen is necessary and sufficient for the production of the female social behavior essential for reproduction, lordosis. Thus, our research aimed at determining a complete neural circuit adequate for producing female reproductive behavior, lordosis, used three complementary approaches: (1) discovering the targets of axons descending from VMN; (2) sensory physiology, following pathways from the behavior-triggering somatosensory receptors; and (3) working our way “backwards” from the muscles used for executing lordosis, back to the behavior-relevant motoneurons, and then to the relevant systems descending from the brainstem. The overall result, summarized in the following three sections, is a coherent behavioral circuit that is organized in modules.


VMN Outputs

Axons descending from VMN form two streams. The first is a periventricular route that yields synapses in the rostral pole of the MCG. This region also contains estrogen-binding neurons and receives ascending sensory input from the lower brainstem (Krieger et al., 1979). The second stream runs laterally and cannot be implicated in the behavioral mechanisms of interest to us. The behaviorally relevant periventricular route just mentioned has no axons that extend all the way to the pons, thus helping to define the midbrain module of the lordosis behavior circuit.

We used electron microscopy to define the synapses from VMN neurons in the MCG (Chung et al., 1990a, 1990b). Following lesions of the VMN we saw a type of degenerative pattern in the central gray known as “watery degeneration”: Both in presynaptic and postsynaptic processes, there was a swollen appearance, electron lucent. We confirmed these results using kainic acid lesions of ventromedial hypothalamus (VMH) to rule out the possibility that fibers of passage contributed to the foregoing results. Further confirmation of this crucial VMN/MCG projection came from electrophysiological results (Sakuma and Pfaff, 1981, 1982) in which orthodromic spikes coming from VMH cell bodies were canceled by antidromic spikes coming up from MCG stimulation.

Thus, with the hypothalamic module of the behavior circuit defined neuroendocrinologically by estrogen actions in VMN (ultrastructural and molecular results are given in the next section), and the midbrain module defined by the results just quoted, we were left to define the sensory and motor components of the system.




Sensory Components

Frame-by-frame film analyses showed that the female’s behavior is triggered by the male contacting her flanks and tail base (Pfaff and Lewis, 1974), which was revealed, for example, by female skin marked by a dye from the mounting male (Pfaff, Montgomery, and Lewis, 1977). Application of a local anesthetic to those regions of the female virtually eliminated the female’s response (Kow and Pfaff, 1976).

Using electrical recordings, we found that single cells in the appropriate lumbar dorsal root ganglia (Kow and Pfaff, 1979) responded to very small pressure (less than 500 millibars), indicating input from a type of skin receptor called Ruffini endings. In the spinal cord, dorsal horn neurons gave very similar responses to behaviorally relevant stimuli (Kow, Zemlan, and Pfaff, 1980). Estrogens are involved as well: Small numbers of estrogen-binding neurons are seen in the lumbar dorsal horn (Morrell et al., 1982), and hormone administration significantly increases the size of receptive fields of primary sensory neurons contributing to the pudendal nerve (Kow and Pfaff, 1973).

Spinal circuitry is not sufficient for lordosis behavior to be performed (Kow, Montgomery, and Pfaff, 1977). Selective small transections of the spinal cord revealed that ascending fibers in the anterolateral columns carry the ascending information adequate for lordosis behavior. The behaviorally relevant ascending spinoreticular fibers terminate among the large neurons of the medullary reticular formation, which make up the nucleus gigantocellularis (NGC; Robbins, Schwartz-Giblin, and Pfaff, 1990).

Multiple experiments led us to the conclusion that MCG neurons, which receive estrogen-dependent hypothalamic output, send descending behaviorally relevant signals both to the lateral vestibular nucleus and to the medullary NGC. Both of these neuronal groups are responsible for launching lordosis-facilitating vestibulospinal and reticulospinal signals. Medical doctor–doctoral student Sandra Cottingham showed that MCG stimulation potentiates the ability of vestibulospinal neurons to activate (through vestibulospinal axons) electrical responses in the deep back muscles that are responsible for lordosis behavior (Cottingham and Pfaff, 1987a). MCG neurons also project to NGC (Robbins et al., 1990). Cottingham et al. (1987b) showed that not only does medullary NGC stimulation activate axial muscles crucial for lordosis behavior, but MCG stimulation vastly amplifies the NGC effect.

Thus, neurons in the MCG relay hormone-dependent excitation from the hypothalamic by descending axons that potentiate both vestibulospinal and reticulospinal actions on the motoneurons and axial muscles for lordosis behavior.




Motor Components

Graduate student Emily Brink (Brink and Pfaff, 1980, 1981) defined the anatomy and physiology of the muscles essential for the performance of lordosis behavior. These are deep back muscles of several groups (e.g., medial longissimus, lateral longissimus, transversospinalis) whose separate contributions to lordosis behavior depend on their sizes, their fiber lengths, and their insertions. Bilateral symmetry is essential.

The motoneurons that control these muscles are extremely large, with cell bodies tucked in the ventromedial corner of the ventral horn of the lumbar spinal cord (Brink, Morrell, and Pfaff, 1979). Emily showed that these motoneurons respond vigorously to stimulation of the behaviorally relevant dorsal roots. Because we knew that spinal mechanisms are not sufficient for lordosis behavior to occur (Kow et al., 1977), it was exciting to discover how descending inputs from the lower brainstem could potentiate the electrical activity of these axial muscle motoneurons. If electrical stimulation of large reticulospinal neurons in the medullary reticular formation, NGC, precedes sensory segmental stimulation by 10 to 100 milliseconds, the motoneuron response to sensory segmental stimulation is roughly tripled (Brink and Pfaff, 1981; Cohen et al., 1987a). Furthermore, selective transections showed that behaviorally relevant descending reticulospinal axons travel in the lateral columns of the spinal cord. Transecting these abolishes the motoneuron response.

As expected, we found these motoneurons responsive to natural cutaneous stimulation in the skin areas contacted by the male and in the sensory field of the pudendal nerve, and responsive to stimulation of the pudendal nerve (Kow and Pfaff, 1982; Cohen, Schwartz-Giblin, and Pfaff, 1987b).

So this series of papers told us how the motor side of the lordosis behavior circuit worked.






Modules of the Neural Circuit for Producing the Behavior

By approximately 1990, it became obvious that we had worked out the first circuit for an entire vertebrate behavior, and that it was a modular network. The spinal module handles business by spinal segment. The lower brainstem module integrates behavioral regulation across segments. The hypothalamic module adds the estrogen dependence of the circuit. And the midbrain module integrates the relatively slow neurophysiology of the hypothalamic output into the rapid neurophysiological kinetics of the rest of the circuit.


Ligand-Activated Transcription Factors

I was lucky that the hormone receptors I had discovered in brain turned out to be ligand-activated transcription factors. Over the years, primarily with in situ hybridization, we discovered several transcriptional mechanisms whereby estrogens heightened gene expression for genes whose products would, in turn, facilitate female reproductive behavior.

One strong line of evidence showed that estrogen administration increases transcription from the gene for the progesterone receptor (PR; Parsons et al., 1979, 1982a, 1982b; Ogawa et al., 1994), through which progesterone significantly enhances estrogen’s activation of lordosis behavior. Estrogen also enhances gene expression for adrenergic alpha-1 receptors, muscarinic acetylcholine receptors, and enkephalin (Romano et al., 1990), all of which act to increase female reproductive behavior. In much of this work, our results dovetailed nicely with the work of Ann Etgen, at Albert Einstein.

Interestingly, estrogens turn on both the genes for the neuropeptide oxytocin (Chung et al., 1991; Quinones-Jenab et al., 1997) and for the oxytocin receptor (Oxtr). The subsequent effects of these transcriptional events on lordosis behavior have the capacity to multiply each other. Likewise, estrogen increases transcription for both gonadotropin-releasing hormone (GnRH) and the GnRH receptor (Rothfeld et al., 1989; Quinones-Jenab et al., 1996), both of which enhance lordosis behavior. Later, we studied effects on gene expression for nitric oxide synthase (Ceccatelli et al., 1996; Rachman et al., 1998) as it positively affects female reproductive behavior. In vlVMN, estrogens enhance growth-related processes, notably a large increase in ribosomal RNA (Jones et al., 1986, 1990). Through these multiple molecular mechanisms, female reproductive behavior is overdetermined when hormonal support kicks in.

Actually, before all of the studies mentioned thus far, I was looking to test the hypothesis that estrogen administration would influence protein synthesis in estrogen-binding neurons. I knew that new protein synthesis in hypothalamic neurons after estrogen treatment was required for female-typical sex behavior (Parsons et al., 1982). But I was handicapped in that all my experience at that time was in histochemistry, not conventional protein chemistry. I had completed course work in organic chemistry at Harvard and in biochemistry at Massachusetts Institute of Technology (MIT) but did not have corresponding laboratory techniques in hand. So I marshaled my courage to ask the advice of Rockefeller professor Stanford Moore, who had won the Nobel Prize for Chemistry based on the first-ever determination of the amino acid sequence of an enzyme, RNAse. He and his lab showed us how to use liquid chromatography to separate labeled proteins after microinjections of labeled amino acids into VMH (Pfaff, Rosello, and Blackburn, 1984). All estrogen-pretreated rats showed lordosis behavior; none of the control ovariectomized rats did. In the estrogen-pretreated animals, there were significantly more radioactively labeled proteins in microdissected VMH. Additionally, some of these proteins had been axonal transported to the MCG. One specific class of labeled proteins in the MCG (based on molecular weight) was 10 times more abundant in the estrogen-pretreated animals than in the controls.

A second chemical approach to the same issues was spearheaded by Charles Mobbs in our lab (Mobbs et al., 1988, 1989, 1990). To separate labeled proteins in VMH, he used very large two-dimensional gels. One dimension separated proteins according to molecular weight; the second dimension separated proteins according to isoelectric point. He could discriminate more than 250 labeled proteins but was especially excited to detect a strong estrogen effect on one protein with a molecular weight of 70 kilodaltons and an isoelectric point of 5.9. This labeled protein was indeed transported from VMH to MCG—disrupting axoplasmic flow by colchicine treatment reduced arrival of this protein in MCG by about 85 percent.

These two chemical approaches complemented our subsequent decades of work with in situ hybridization summarized earlier.






Ultrastructure

The large increase in ribosomal RNA consequent to estrogen treatment suggested that we do some ultrastructural work with VMN neurons. We expected to see growth-related changes resulting from estrogen treatment.

Estrogen treatment led to growth of a larger, spherical cell nucleus in VMN neurons and obvious nucleolus-associated chromatin (Jones et al., 1985). In many cell types, segregation of nucleolar components is associated with conditions in which the demand for ribosomal RNA (synthesized in the nucleolus) exceeds the rate of synthesis. Furthermore, in the cytoplasm, we found estrogen treatment to be associated with a massive elaboration of the rough endoplasmic reticulum, “protein synthetic machinery” (Cohen and Pfaff, 1981; Meisel and Pfaff, 1985). Knowing of the important, behaviorally relevant projections to the MCG, we did ultrastructural work there as well (Chung et al., 1988, 1990). In MCG synapses, estrogen treatment caused an increase in the number of synaptic terminals with dense-cored vesicles; an increase in the lengths of postsynaptic densities; and an increase in the absolute number of synapses per unit area.

Overall, these changes seemed to indicate a stronger hormone-dependent signal from VMN to the MCG in the lordosis behavior circuit.




Epigenetics

How do the hormone-regulated, behaviorally relevant transcriptional events I discussed previously come about? How are they regulated? To answer these questions, we needed to apply the so-called epigenetic chemical methodologies, focusing mainly on histone N-terminus modifications. Fortunately for me, one of the scientific fathers of epigenetics, C. David Allis, led a large laboratory at Rockefeller, just two floors away from my lab. Dave and his lab members were incredibly generous with their instructions and reagents.

For background, if and only if ER proteins are liganded by estrogen molecules, they will dimerize and bind to DNA at an estrogen response element (ERE; consensus sequence is AGGTCAnnnTGACCT). But because inactive DNA is covered by chromatin proteins, how do the dimerized ER proteins get to the ERE? To answer this question, it is important to understand the basic proteins called histones. Chemical modifications of histones are the key events, and our work was dedicated to linking them into a molecular understanding of the transcriptional regulation of reproductive behavior. In short, we found histone modifications that create a permissive environment for the transcriptional activity necessary for lordosis behavior.

The molecular biologist Khatuna Gagnidze arrived from Tbilisi, Georgia, and accomplished a mammoth amount of work, as described in the next few paragraphs. Because the application of epigenetic techniques to neuroscience was so new at the time, I’ll cover Khatuna’s contributions in some detail.

Khatuna and Richard Hunter in the lab (see their work reviewed in Pfaff et al., 2017) found that estradiol (E) induces global changes in histone modifications in the VMH. That is, in the E time course of 1, 3, 6, and 9 hours, different histone marks were altered significantly at different times after E administration (Gagnidze et al., 2013). For example, the double-alteration on histone H3, on amino acids 10 and 14, and on S10K14Ac, with these alterations being transcription-promoting, was elevated by 1 hour after E; however, by 6 hours following E, the levels of this marker returned to baseline. In contrast, total H3 acetylation increased with slower kinetics and reached significantly higher levels only 6 hours after E treatment. Another transcriptional-activating histone modification, H3K4me3, showed significantly higher levels 3 and 6 hours after E treatment. Thus, even global histone modifications provide part of the basis for increased transcriptional rates in VMH following E treatment.

Furthermore, E-induced histone modifications are accompanied by ER target gene upregulation. We would expect mRNA elevations in E-responsive genes to follow on from the types of histone changes summarized earlier. The PR gene is a classic ER target gene, which is regulated by E in VMH as well as in other E-responsive tissues. As expected, protein levels of both PR isoforms, PR-A and PR-B, were significantly increased following E administration for 6 hours. These data reveal that in the VMH of female mice, an “active” chromatin state brought about by E exposure coincides with the transcriptional activation of an ER target gene, PR.

How did this transcriptional activation happen? E treatment induces association of activating histone marks with PR promoter in VMH (Gagnidze et al., 2013). To connect these two findings, we used chromatin immunoprecipitation (ChIP) analysis of VMH following E for 3 and 5 hours with antibodies specific for H3Ac and H3K4me3. Two functional promoters, for PR-A and PR-B isoforms, have been described for rat as well as for human PR genes. Association of H3 histone containing either of two transcription-promoting marks, H3acetyl or H3K4me3, was significantly increased at the promoter of the PR gene in the VMH of female mice treated with E. Moreover, H3 acetylation was rapid and sustained and association of H3K4me3 became evident only after 5 hours of E. Summarizing a large set of results, the timing of the E effects depended on which promoter segment was analyzed, which histone mark was measured, and the time after the beginning of E treatment.

Furthermore, we studied the E effect on the recruitment of the canonical estrogen receptor alpha (ERα) to putative regulatory sequences on the PR gene. The induction of the PR gene, whose expression in VMH is behaviorally relevant for female mice as well as the subsequent expression of lordosis behavior, critically requires expression of ERα (Ogawa et al., 1998; Musatov et al., 2006). On chromatin isolated from VMH, can E treatment of ovariectomized female mice result in the recruitment of ERα to the promoter of the PR gene? Mice were treated with vehicle or E for 5 hours and chromatin isolated from VMH was analyzed using the ChIP assay. We did not observe E-regulated recruitment of ERα to the promoter region of the PR gene. We did, however, detect E-induced binding of ERα at two putative enhancer regions located ∼81 kb and 200 kb upstream of the PR transcription start site. Whether this ERα binding is precisely that which supports E-induced transcription in VMH remains to be determined. In addition, in an estradiol-responsive mHypoE-N42 mouse embryonic hypothalamic cell line, PR-B expression was transiently induced by estradiol after 6 hours of treatment in an ERα-dependent manner. This induction was associated with an increase in ERα phosphorylation (serine 118) and its recruitment to one of the PR forms of PR-B’s promoter as well as with an increased association of SP1 (a transcription factor involved in ERα tethering to target gene promoters), H3K4me3, and RNA polymerase II occupancy. Thus, the induction of PR-B expression is associated with specific transcription factor interactions and epigenetic changes in its promoter in these embryonic hypothalamic cells.

These results also depended on which E-sensitive brain region was dissected. In the POA, we observed a slight but significant effect of E treatment on H3Ac and a stronger effect on H3K4me3 after 5 hours of E treatment. These and other results demonstrate that the time course and the pattern of E-induced histone modifications at the promoter of the PR gene is brain-region specific.

As you would expect, the pattern of E-dependent histone modifications depends on which gene is studied. Another lordosis behavior-relevant gene is OTR. In VMH, there was no effect of treatment on either of the “activating” histone marks at 3 hours of E, but there was a significant effect of treatment on both histone modifications after 5 hours. This time course is accurately reflected in the kinetics of OTR expression in VMH. In POA, 5-hour E treatment resulted in hyperacetylation of H3 histone at the promoter of OTR gene, but no H3K4me3 was detected.

E also affected the expression of ERα coactivators in the VMH of female mice. Histone modifications are induced by protein complexes, including certain enzymes that are recruited by transcription factors to promote transcription of hormone-sensitive target genes. Thus, we examined the mRNA expression levels of specific transcriptional coregulators. For example, we found that two SRC isoforms with intrinsic histone acetyltransferase activity, SRC1 and SRC2, were highly regulated by E exposure; they were significantly upregulated at the 3-hour time point. However, 5 hours after E treatment SRC1 stays elevated while SRC2 mRNA levels returned to baseline. Thus, in principle, these and similar findings reported in Gagnidze et al. (2013) established the basis for the construction of an ER-organized transcriptional complex in VMH, but the timing of coregulator induction remains to be explained.

Larissa Faustino, from São Paolo, worked with Khatuna Gagnidze (2015) and knew that elevated levels of thyroid hormones (TH) reduce estradiol (E2)-dependent female sexual behavior. E2 stimulates PR and Oxtr within the VMH and POA, critical hypothalamic nuclei for sexual and maternal behavior, respectively. Here, we investigated the impact of TH on E2-dependent transcriptional mechanisms in female mice. First, we observed that triiodothyronine (T3) inhibited the E2 induction of Pgr and Oxtr. We hypothesized that differences in histone modifications and receptor recruitment could explain the influence of TH on E2-responsive Pgr and Oxtr expression. We observed that histone H3 acetylation (H3Ac) and methylation (H3K4me3) was gene and brain-region specific. We then analyzed the recruitment of ERα and TH receptor α (TRα) on the putative regulatory sequences of Pgr and Oxtr. Interestingly, T3 inhibited E2-induced ERα binding to a specific Pgr enhancer site, whereas TRα binding was not affected, corroborating our theory that the competitive binding of TRα to an ERα-binding site can inhibit ERα transactivation and the subsequent E2-responsive gene expression. On the Oxtr promoter, E2 and T3 worked together to modulate ERα and TRα binding. Finally, the E2-dependent induction of cofactors was reduced by hypothyroidism and T3. Thus, we determined that the Pgr and Oxtr promoter regions are responsive to E2 and that T3 interferes with the E2 regulation of Pgr and Oxtr expression by altering the recruitment of receptors to DNA and changing the availability of cofactors. Collectively, our findings provide insight into molecular mechanisms of response to E2 and TH interactions controlling sex behavior in the hypothalamus.

One of the consequences of neonatal androgen exposure during the neonatal critical period for sexual differentiation is the absence of lordosis behavior in the male. Molecular biologist Rod Scott joined the lab from Glasgow (Scott, Wu-Peng, and Pfaff, 2002) to measure protein binding to the PR EREs: PR-A codes the shorter PR transcript, compared with PR-B, which codes the longer PR transcript. In brief, the greater estrogen effect on PR-B transcription in the female compared with the male likely contributes to the greater effect of progesterone on lordosis behavior in females.




Transcriptional Systems Overdetermining Reproductive Behavior

As previously noted, we have at least four examples of multiplicative transcriptional systems revved up by estradiol: (1) both GnRH and the GnRH receptor; (2) both oxytocin and Oxtr; (3) both tyrosine hydroxylase for the production of norepinephrine and the norepinephrine receptor alpha-1; and (4) both the opioid peptide enkephalin and its receptor the delta opioid receptor.

Furthermore, we were able to identify specific physiological roles for some of the estrogen-amplified transcriptional systems. I have a couple of examples: PR transcription clearly amplifies the estrogen effect on behavior. GnRH clearly synchronizes female reproductive behavior with ovulation, thus helping to guarantee a biologically productive behavior. Estrogen-stimulated nitric oxide coordinates with glutamatergic neurons to heighten behavioral excitability, allowing the generation of a heightened arousal state necessary for the initiation of mating behavior by the female.

These results and the in situ hybridization studies mentioned earlier show that several transcriptional systems participate in overdetermining female reproductive behavior at the time of ovulation. We conducted epigenetic studies to begin to envision how those transcriptional systems are themselves controlled.




Genes Regulating Behavior

The ERα gene offers a starkly clear example of a gene product regulating behavior. Microinjection, into the VMH, of an adeno-associated virus encoding a small interfering RNA to depress ER reduces lordosis behavior virtually to zero and instead causes the female actively to reject the male (Ogawa Eng et al., 1998). Furthermore, when postdoc Sergei Musatov joined the lab to work with the brilliant molecular biologist Michael Kaplitt, they used microinjections of a short-hairpin RNA, interfering RNA, into VMH to abolish lordosis behavior (Musatov et al., 2006). ER gene knockout (ERKO) females rejected males for at least two reasons (Ogawa et al., 1996): They were less responsive to somatosensory stimuli of the sort that ordinarily would trigger lordosis, and the ERKO females were treated as invading males by the resident stud males who attacked the ERKO females.

Another crucial component of reproduction, maternal behavior, is not controlled by vlVMN neurons but instead by medial POA neurons located farther anterior in the basal forebrain. Postdoc Ana Ribeiro in the lab (Ribeiro et al., 2012) used microinjections of a small-interfering RNA against ER transcription into the medial POA and completely abolished maternal behavior: Treated mothers did not retrieve babies to the nest, did not lick them to keep babies moist and warm, and did not nurse them.




Estrogen Receptor Beta

Neuroscientists and especially neuroendocrinologists were intrigued when the laboratory of Jan-Ake Gustafsson discovered a second ER, beta (β), of physiological importance throughout the body (Pettersson and Gustafsson, 2001). Sonoko Ogawa (1999) working with Jan-Ake found that females’ lordosis behavior is stronger than normal in betaERKO mice, whereas males with both ERα and ERβ knocked out did not show any components of sexual behaviors (Ogawa et al., 2000). It was especially interesting that the aggressive behaviors of male mice are increased by ERβ gene disruption (Nomura et al., 2002, 2006).

ERβ plays a prominent role in the regulation of emotional behaviors. For example, female mice without a functional ERβ showed enhanced anxiety, which went along with lower serotonin content in several brain regions (Imwalle et al., 2005). In another experiment, Kazuya Tomihara gonadectomized ERβ knockout (betaERKO) female mice, and their wild-type (betaWT) littermates were implanted with several different doses (experiment 1: 2.0 microg/day; experiment 2: 1.0, 0.4, 0.2 or 0.1 microg/day) of an estradiol benzoate (EB) or placebo pellet. Ten days after pellet implant, behavioral tests commenced to measure anxiety levels (experiment 1: light-dark transition test [LDT]; experiment 2: LDT, elevated plus maze test [EPM] and social investigation test [SIT]). We found that, at higher doses, long-term treatment of EB had anxiogenic effects in both betaWT and betaERKO mice, as indicated by a decrease of the time spent in the light side and the number of transitions between two sides during LDT (Tomihara et al., 2009).

BetaERKO neuronal survival later in life is compromised (Koehler et al., 2005), suggesting that the roles for this gene product in cognitive decline among the elderly need further investigation. This is an especially compelling topic because Emilie Rissman, working with Jan-Ake, showed that ERβ is required for normal spatial learning (Rissman et al., 2002).

Particularly notable are roles for ERβ in brain development (Koehler et al., 2005). One sign of this is the fivefold reduction of ERβ deletion on genes involved in neuronal migration and axon guidance and genes involved in growth and differentiation. For example, in betaERKO, newborn neurons cannot migrate to their correct positions in the cerebral cortex. Furthermore, the development of sexual dimorphisms in brain and behavior, particularly defeminization in the male, depends on ERβ (Kudwa et al., 2005).


Micronet

Elena Choleris, working with Jan-Ake Gustafsson (2003), did some thinking about how estrogens control many physiological and behavioral processes, some of which are connected to reproduction. These include sexual and other social behaviors. They implicate four gene products in a micronet required for mammalian social recognition, through which an individual learns to recognize other individuals. Female mice whose genes for the neuropeptide oxytocin (OT), ERβ, or ERα have been selectively “knocked out” were deficient specifically in social recognition and social anxiety. There was a remarkable parallelism among results from these three separate gene knockouts. The data strongly suggest the involvement in social recognition of the four genes coding for ERα, ERβ, OT, and the OT receptor. They thus proposed a four-gene micronet, which links hypothalamic and limbic forebrain neurons in estrogen control over OT regulation of social recognition. In our model, estrogens act on the OT system at two levels: Through ERβ, they regulate the production of OT in the hypothalamic paraventricular nucleus, and through ERα, they drive the transcription of the OT receptor in the amygdala. The proper operation of a social recognition mechanism allows for the expression of appropriate social behaviors, aggressive or affiliative.






Gonadotropin Releasing Hormone

We paid a lot of attention to the neuropeptide gonadotropin releasing hormone (GnRH) because of its dual role in priming the anterior pituitary gland to orchestrate the hormonal basis for ovulation, coordinated with GnRH’s role in fostering lordosis behavior (Pfaff, 1973).

In 1973 it was easier to do research on brain and behavior than it is now. The bureaucracy, most of it the product of federal regulations, has increased substantially. Thus, I got the idea of direct effects of GnRH on lordosis behavior about 9 p.m. on a Tuesday, and I ordered the animals from Charles River Laboratories about 9 a.m. on Wednesday. The entire experiment was done in the time it takes now to get an animal use protocol approved. The positive effect of GnRH on lordosis behavior was published in Science (1973).

A supremely talented histochemist and neuroanatomist in my lab, Marlene Schwanzel-Fukuda, was doing a standard developmental study of the beginning of GnRH gene expression in the mouse embryo. After she had collected a lot of data, she invited me to review it with her. At embryonic 11–13 days after birth, major GnRH expression was seen in the olfactory placode, outside the brain. Then, 12–16 days after birth, major expression appeared in GnRH cells on the nasal septum. Then, days 13–20 GnRH cells were detected in the arch above the nasal placode and in the space below the developing forebrain. Then, by day 20 after birth, GnRH neurons could be seen in the POA, their functional location throughout the rest of life (Schwanzel-Fukuda, Nature, 1989).

As I looked over Marlene’s shoulder, my memory flashed back to my days as a first-year graduate student in Joe Altman’s lab at MIT. I was helping Joe chart the migrations of newly born neurons in the hippocampus—Joe had discovered postnatal neurogenesis, thus overturning the dogma that “at the time of birth, vertebrates have all the neurons they will ever have.” Anyway, that flashback caused me to blurt out “Marlene, you have discovered a migration of newly born GnRH neurons from the nose into the brain!” These are the only neurons born outside the brain that migrate into the brain.

The data in the embryonic mouse nose and brain were clear, and I wondered if Marlene might have discovered a vertebrate-wide phenomenon. At the time, we had a fish brain expert in the lab, Ishwar Parhar, who came to us from Singapore. Quickly, Ishwar did the same type of developmental series in the brain of a salmonid fish (Parhar et al., 1995) followed by work with another fish, tilapia (Parhar et al., 1996) and obtained evidence that was equivalent to Marlene’s for the developmental migration of GnRH neurons from the olfactory apparatus into the forebrain. Over the years, it became clear that GnRH migration turned out to be true for all vertebrates studied.

From this, and from confirming evidence in other labs, two stories emerged, one funny and one serious.

Marlene’s histochemistry and the raw data illustrated in her posters and papers were so beautiful—she was a real scientific artist—that her slides made beautiful material for talks to nonscientists. I gave one such late-afternoon talk at Rockefeller to a lot of lawyers considering contributions to Rockefeller. Here was the drill: The lawyers would come to campus, have a couple of drinks, listen to me, and then have dinner. After my talk, which featured Marlene’s beautiful histochemical slides on GnRH, many attendees, including me, went downstairs to the restroom before dinner.

As I was going downstairs, a guy coming upstairs, his eyes a bit glazed, said, “You just gave a talk, right?”

I said, “right!”

He followed up: “It was about those sex cells going from the nose into the brain, right?”

I said, “right!”

Then his face lit up and he said, “Now I know why, when my wife had a nose job, she lost her interest in sex!”

A much more serious topic had to do with human disease. Kallmann’s Syndrome, inherited hypogonadotropic hypogonadism coupled with anosmia, is associated with an X chromosome deletion at Xp 22.3. Kallmann’s Syndrome is a well-recognized disorder that prevents a person from going through puberty, which means no reproduction and no reproductive behavior. In a Kallmann fetus we found an absence of GnRH neurons in the brain despite dense clusters of GnRH cells in the nose (Schwanzel-Fukuda et al., 1989b). It turned out that our neuroanatomical work in New York was complementary to the genetic work of Christene Petit, in Paris. She demonstrated the Kall gene mutation, which gave rise to our results.


NCAM

We got the idea that neural cell adhesion molecules (NCAM) might be involved in the likely complex mechanisms of the GnRH neuron migration. It turned out that NCAM immunoreactive cells set up a scaffolding along the migration route (Schwanzel-Fukuda et al., 1992), and as the GnRH neurons traverse the boundary between the olfactory pit and the forebrain, GnRH neurons are never seen to be independent of this NCAM scaffolding. Later we showed that NCAM was expressed in a population of cells in the olfactory placode of humans and then throughout the GnRH cell migration route (Schwanzel-Fukuda et al., 1996).

The chemistry of GnRH is interesting. The protein chemist Tom Kaiser at the University of Chicago had gotten a lot of attention for showing that certain physiologically important peptide hormones are “amphiphilic”: One face of a peptide hormone would be lipophilic (hydrophobic) and the other face would be hydrophilic. That is, alternating sidechains with these properties would project below or above the peptide backbone. To test the physiological importance of the amphiphilic structure, Jenn-Tser Pan came from Taiwan to work with Lee-Ming Kow and me (Pan et al., 1986), which began our collaboration with Tom Kaiser. We used micropipettes to record from hypothalamic and preoptic neurons that responded to GnRH. About 70 percent of GnRH-responsive neurons also responded to an amphiphilic analog. We thus suspected that the amphiphilic property of GnRH accounts for an important part of its mechanism of action as a neuropeptide.




Indirect Genetic Actions on Behavior

The absence of reproductive behavior in Kallmann’s patients (noted previously) shows how a genetic change can affect human behavior indirectly, in this case, through a chain of seven clearly defined steps: (1) Males with Kallmann’s have no libido, no sexual desire, because (2) they have very low testosterone, because (3) there are very low concentrations of gonadotropic hormones coming from the pituitary gland, because (4) the pituitary is not receiving GnRH from the hypothalamus, because (5) the GnRH neurons are not in the hypothalamus, because (6) of the failure of the GnRH neuronal migration from the nose to the brain, and because (7) of the absence of the cell surface protein normally produced by the Kall gene at Xp22.3.






Principle: Gene/Behavior Causal Relations

Because of the just-mentioned series of seven causal steps and myriad other examples from this autobiography, genetic contributions to the regulation of behavior—lab animals and, importantly, humans—are not to be doubted. Capsulizing some contributions from my lab, the easiest work was using gene knockout mice (e.g., ERKO alpha and beta) to affect behavior, and the hardest work was specific microinjections of AAV vectors and specific microRNAs into discrete neuroanatomical cell groups in the forebrains of lab animals.

These techniques, in a paragraph, demonstrated the regulation of three types of behavior required for reproduction: (1) ERα expression in neurons of the lateral POA is required for female courtship behaviors; (2) expression of that same gene in neurons of vlVMN hypothalamus is required for female mating behavior; and (3) finally, expression of that same gene in medial preoptic neurons is required for maternal behaviors.




Central Nervous System Arousal

Having worked out the motivational mechanisms for one behavior, our lab expanded our focus to ask: Does a form of motivation exist that helps to initiate all behaviors? The lab formulated the concept of generalized central nervous system (CNS) arousal (Pfaff, 2006), came up with a physical theory (Pfaff and Banavar, 2007), produced evidence that it exists, and has continued working on its mechanisms. We started by showing that neurons of the reticular formation’s NGC foster generalized CNS arousal (Wu, Stavarache, et al., 2007; Martin et al., 2011; Tabansky et al., 2018). Now we are considering the likelihood that vestibular-influenced NGC neurons have especially important arousing influences through projections both to the spinal cord and toward the forebrain. Of course, the concept of and work on generalized arousal does not contradict work on the somewhat more complex arousing influences of, for example, norepinephrine and dopamine.




Intellectual and Educational Insight

Many years ago, famed MIT professor Nicholas Negroponte quit his job at the MIT Media Lab to start the program called “One Laptop per Child.” It was successful in distributing free computers to children in economically developing countries. These instruments did not need line electricity—they could be charged just by winding a handle. Because access was so easy, it was said that some African children learned “Google” as their first word in English.

Inspired by Negroponte, I received permission from Springer to write a neuroscience text similarly sent for free to scholars in countries with low gross domestic products per capita. Nora D. Volkow, a medical doctor, joined me as coeditor of the second volume, and John L. Rubenstein joined us as coeditor of the third volume, which now features 161 chapters in five volumes. The third edition was much expanded by an emphasis on molecular developmental neuroscience, thus becoming the most comprehensive neuroscience text ever (so far) to be made available for free in countries with the poorest economies.

More recently, I’ve been disturbed by newspaper stories asserting the unreliability of certain scientific papers, especially because research on brain and behavior, always fraught with multiple contingencies, can be potentially susceptible to such problems. In response, I wrote a book for MIT Press (Pfaff and Sherman, 2024) citing major “wins” for behavioral science and associated neuroscience. It has a wide scope in time (research from two centuries ago up to 2023) and in subject matter (from psychophysics to social behavior). Hopefully, it will be received as a proper defense of our field.




Reflection

The work covered included an early demonstration of a body-to-brain-to-behavior causal connection. My lab began by asking whether it is possible to demonstrate the mechanisms causing the production of a vertebrate behavior. The answer is yes. Together with our team, we worked out the mechanisms that produce a simple social behavior essential for reproduction. The work proceeded in four steps: (1) discover hormone receptors in the brain; (2) work out the neural circuitry; (3) show facilitation of behaviorally relevant gene expression by the behaviorally effective steroid hormone (an estrogen); and (4) demonstrate that knocking out the genes for ERs or estrogen-sensitive genes significantly reduces the social behavior. Thus, working out mechanisms for a vertebrate (here, a mammalian) behavior is proven possible.

Our lucky break came from the fact that the hormone receptors I had discovered in the brain turned out to be ligand-activated transcription factors. This opened an intellectual interstate highway linking molecular biology to neuroscience to behavior.

In this autobiography, which reviews many discoveries, I haven’t expressed how much fun it was to work, over 60 years, with about 500 younger scientists who usually were easy to work with and sometimes had great senses of humor. About 30 feet from my office door, for example, two brilliant electrophysiologists, Paola Calderon and Alex Proekt, could be heard chuckling at one joke after another. It was a joy to sit at my computer listening to them. Earlier, Charles Mobbs was running giant two-dimensional gels that took a long time to run. While they ran, Charles, who loved show business, went out into his marble-floored hallway and practiced tap dancing before a large mirror. The Rockefeller scientific environment lends itself to high-level, pleasant scientific involvement, tending to avoid scrapes of the sort I’ve seen elsewhere.




Looking Forward

We have been working during a boom in neuroscience. Indeed, just reading the exciting biographies of the neuroscientists in these 13 Society for Neuroscience volumes has heightened my understanding of how lucky I’ve been to work in this field. It is easy to look forward, anticipating a golden age of neuroscience when all the techniques my lab has used will be augmented both by the data crunching and sophisticated modeling made possible by supercomputers, as well as by the evolution of medical practices better prepared to absorb and apply new neuroscientific knowledge. My own work will play out in a greater understanding and therapeutic treatment of emotional disorders, especially those linked to hormones.
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Daniel L. Schacter


Early Years: The New York Connection

I was born in Brooklyn, New York, on June 17, 1952. My parents, Philip and Harriet, were both the children of Eastern European immigrants—Paul and Florence Schacter were Phil’s parents, and Ben and Hannah Flanzig were Harriet’s. We did not stay in Brooklyn for very long, and my earliest memories begin after we moved to the nearby suburb of New Rochelle in 1953. Phil and Harriet bought a newly built ranch-style home on Daisy Farms Drive, around the corner from the fictional home of Rob and Laura Petrie (and actual home of Carl Reiner) on Bonnie Meadow Road in the classic sit-com The Dick Van Dyke Show. We lived just a short walk from the George M. Davis Elementary School, which had just opened in 1953, in time to accommodate the postwar boom of families who were eager to exchange city life for a place in the suburbs.

As a memory researcher, I am a bit skeptical of the veracity of our earliest memories, but I believe that mine dates to age four and involves playing in a sandbox at Colonial Nursery School in New Rochelle, which I attended before beginning kindergarten at Davis Elementary in the fall of 1957. I am much more confident, however, of the clear memory I have of sitting on a small hillside just outside of Davis while playing hooky with a friend one day during first grade. I do not recall why we played hooky, nor do I recall why we sat in a place so near the school during our misadventure that it virtually guaranteed that we would get caught, but I do recall my parents’ anger and disappointment when the principal told them what happened. That was the last time I played hooky.

Another memory from the Davis Elementary years is one that is no doubt shared with many other grade-schoolers of that era: hiding-under-the-desk drills in case of a Russian nuclear attack. I recall half-jokingly saying goodbye to my fifth-grade classmates in October 1962 during the terrifying Cuban missile crisis. On a more positive note, during those years, I played baseball in the New Rochelle Little League, and went to major league games at Yankee Stadium and also at the Polo Grounds, the initial home of the expansion team, the New York Mets. I vividly recall what we used to call “the initial ballpark rush”—the exciting first sight of the impossibly green outfield grass at Yankee Stadium when emerging from an internal tunnel. I was an avid Yankee fan, and I also recall crying when, after running home from school to watch the end of game seven in the 1960 World Series against the Pittsburgh Pirates, Bill Mazeroski broke our hearts with a walk-off, series-ending home run.

Our family grew with the birth of my younger brother Ken (now a retired attorney) in 1955 and sister Jane (now a professor at Stanford Law School) in 1958. During the summer of 1963, we moved from New Rochelle to a newly built house in neighboring Scarsdale, a wealthy town whose public schools had amassed a towering reputation. My father Phil was an insurance broker, and my mother Harriet had been an elementary school teacher before having children, but she did not work during our time in New Rochelle or during our first few years in Scarsdale. When it became apparent after a few years in Scarsdale that a second income was needed to support our family, Harriet went back to school to obtain a master’s degree from the Hunter College School of Education and then began a new job as a reading teacher in the nearby Yonkers school system.

With the move, in the fall of 1963 I began sixth grade at Scarsdale Junior High School (later renamed Scarsdale Middle School). There was nothing remarkable about that first middle-school fall semester until one fall day when the dean unexpectedly entered our classroom and whispered something into our teacher’s ear. It was November 22, and like so many others, we were stunned by the awful news that President Kennedy had been shot. On Sunday, November 24, after returning home from my weekly Sunday School class at Westchester Reform Temple, I saw on television that Jack Ruby had shot and killed Lee Harvey Oswald. Those events were overwhelming to us at the time and were also a precursor to the violence and tumult that would characterize much of the remaining years of the 1960s.

My academic path through middle school was largely unremarkable, but I did pick up a new hobby that I would pursue enthusiastically for much of my adult life: golf. My father Phil was an avid golfer (with a handicap that hovered around 18), and he and his friends used to sleep in their cars overnight to grab an early morning weekend tee time at Saxon Woods Golf Club, a Westchester County public course located near both our New Rochelle and Scarsdale homes. I played my first round at Saxon Woods with Phil and friends in June 1964 and occasionally joined their group that summer when they had an opening. In 1965, my parents joined a private golf club, Pines Ridge in Ossining, New York, in part so that I could have easier access to a golf course and more opportunity for professional instruction. My game improved, my parents joined another private club in spring 1967 (High Ridge, which straddled the border of Stamford, Connecticut, and Pound Ridge, New York), and as a freshman at Scarsdale High School in the spring of 1967, I made the varsity golf team, albeit occupying sixth spot on a six-man team. I gradually rose through the ranks to captain of the team, and in my junior and senior years, our team won the New York state sectional tournament. But my biggest accomplishment in golf happened in the summer of 1969, just before my senior year in high school, when I won the High Ridge club championship by shooting four rounds in the 70s to edge out the five-time defending club champion.

Another notable development in high school was my musical transition from a fairly traditional rock fan (Grateful Dead, Traffic, and Jethro Tull were my favorite bands) to a rock fan who was also a jazz lover. The proximity of Scarsdale to the jazz clubs of Manhattan made it easy for my friends and I to check out live the greats of the era, including Miles Davis, Tony Williams, John McLaughlin, McCoy Tyner, Pharoah Sanders, and many others. We developed a particular affinity for Slugs’, a now-defunct jazz club in the East Village, where we could sit just a few feet away from our musical heroes. One jazz musician we could not see live, however, was the great saxophonist John Coltrane, who had passed away at a young age in 1967, a couple of years before we started making near-weekly pilgrimages to Slugs’ and our other favorite spots. Coltrane was a towering figure whose music and life story fascinated me from the moment I learned about him.

My improving golf performance during 1968 and 1969 influenced my thinking about where to go to college: I focused on southern schools that combined strong academics with a good golf program. After visiting several such schools, I decided to apply early decision to the University of North Carolina at Chapel Hill, and fortunately was accepted. That turned out to be a positive development for multiple reasons, one of which had to do with my choice of a thesis topic for my final semester of high school English in the spring of 1970. I decided to pursue my burgeoning interest in John Coltrane and proposed writing a thesis on the nature and impact of his music. My English teacher balked: He had never heard of Coltrane and did not think that writing about Coltrane constituted an acceptable topic for a serious thesis. I persisted to no avail (emboldened by having been accepted early to The University of North Carolina), and his continuing objections led to a meeting involving the English teacher, the principal of Scarsdale High School, my parents, and me. During this meeting, the extent of the teacher’s misconceptions about Coltrane became apparent, and with the blessing of the principal, the English teacher finally relented and allowed me to write the thesis. I learned a lot while writing it and, happily, received an honors grade for my efforts.

One other academic experience at Scarsdale High School is worth mentioning because it had a strong influence on my subsequent study and career choices. Scarsdale offered a course in human health that I took in my junior year, and it included a substantial section on psychology. I read classic psychologists such as Freud, Jung, Skinner, and others with great interest, and wrote a term paper on the nature and basis of fear. Based on that experience, when I headed to Chapel Hill I did so with determination to choose psychology, with a focus on clinical issues, as my major.




Heading South: University of North Carolina and Duke

My golf game slipped a bit in 1970 compared with 1969, and by the time I arrived in Chapel Hill for the fall of 1970 semester, golf was no longer a high priority. Other political and social issues seemed far more important, particularly protesting the Vietnam War, which I did as part of campus demonstrations and also by attending the massive April 1971 protest in Washington, D.C. As planned, I took introductory psychology courses along with other required science and math courses. I maintained a clinical focus, which was solidified during my junior and senior years by the opportunity to write a historically based thesis, under the supervision of Professor Bernadette Grey-Little (who later served as chancellor of the University of Kansas), which explored the relationships among Sigmund Freud, Carl Jung, and Alfred Adler, and how their personal interactions shaped their psychological theorizing and clinical work. I also took a practicum course focused on self-injurious behavior in autistic youth in which I interacted with these individuals at what is now known as the Murdoch Developmental Center in Butner, North Carolina. The late Professor Stephen Schroeder was carrying out research there on behavioral approaches to reducing self-injurious behavior. I was fortunate to be offered a position in the early part of my senior year as a research assistant on a grant focused on this approach, which would begin shortly after my graduation in May 1974.

I accepted the offer, but as my senior year progressed, my interests began to shift. I took an introductory statistics course offered by Professor Tom Wallsten. The teaching assistant for his course, doctoral student Gerry Solfvin, was involved in some intriguing research at Duke University exploring such exotic topics as the brain correlates of altered states of consciousness and parapsychological phenomena. Solfvin worked with Dr. Edward Kelly, a recent Harvard doctoral graduate in psycholinguistics and cognitive science who had set up a psychophysiology lab in the Department of Electrical Engineering at Duke. They were seeking interested undergraduates to assist with their work, which I did during my senior year. This experience boosted my interest in experimental psychology and neuroscience research. Critically, it was through Ed Kelly that I was informed that the late Dr. Herbert Crovitz, a cognitive psychologist who split his time between the Duke Department of Psychology and the nearby Veterans Administration (VA) Medical Center, was seeking a new research assistant: Might I be interested in applying for the position? Having already accepted an offer to work on the self-injurious behavior project, I felt guilty for even thinking about interviewing for another position. However, I also realized that the kind of research Crovitz was doing fit much better with my evolving interests in cognition and neuroscience than did the self-injurious behavior project. So, I applied for the position and Crovitz interviewed me. We hit it off immediately, and he offered me the position by the end of the interview, which I accepted on the spot. That made for a difficult conversation with Stephen Schroeder, but it was clear to me what kind of research I felt more passionate about, and Schroeder accepted my decision magnanimously despite the temporary disruption to his plans that it caused.

After working in Ed Kelly’s lab during the summer of 1974, I began my position as Herb Crovitz’s research assistant in September. One of the intriguing new directions that Crovitz was just beginning to pursue involved testing patients at the VA Medical Center who were characterized by significant memory problems. I had little exposure to memory research during my undergraduate psychology courses, but with Crovitz’s guidance, I began digging into the neuropsychological literature on the amnesic syndrome and related kinds of memory disorders subsequent to brain damage. I was excited to administer standardized memory tests to a memory-impaired patient shortly after beginning the position and was stunned by what I observed: The man seemed normal during casual conversation, and performed well on tests of perception and language, but exhibited virtually no recall of word lists that I presented to him just minutes earlier and failed to recognize me when I left the testing room and returned after a short break. Observing similarly striking phenomena in multiple amnesic patients, plus my stimulating discussions with Crovitz of what it all meant, ignited what turned out to be a lifelong interest in the nature and function of human memory.

This promising beginning to my new position was unexpectedly interrupted by a traumatic event: On October 15, 1974, I received a phone call from my mother communicating the devastating news that my father had taken his own life. I knew that my dad had been struggling financially and drinking too much in an attempt to cope with his problems, but only a month earlier I had a reassuring conversation with him on a visit home conveying my love and support. He was seeing a psychiatrist, and we all thought he would make it through the rough patch he was experiencing. Unfortunately, however, Phil was skilled at hiding just how dark his world had become. He was a kind person who put the welfare of others above his own, which made his suicide that much more difficult for our family to take. More than 50 years later, it is still hard to think about this overwhelming event and describe it in writing. The emotional consequences were severe for all of us and took many years to work through. However, knowing how much my father sacrificed on my behalf also added to my determination to make good use of the gifts he had given me.

Herb Crovitz was very understanding of my situation, but I returned to his lab within a couple of weeks, and immersion in work helped to get me through the immediate aftermath of my father’s death. Crovitz was an atypical supervisor in that he gave me an unusual amount of freedom to pursue my own scholarly interests at those times when he was focused on writing tasks that did not require my involvement. I took advantage, and wrote a couple of review papers that followed up on phenomena and issues I had become acquainted with through working in Ed Kelly’s lab: a Psychological Bulletin article on the hypnagogic state (Schacter, 1976) and a Biological Psychology paper on the relation between electroencephalogram (EEG) theta waves and psychological phenomena (Schacter, 1977). Crovitz and I collaborated on a Cortex review of memory disorders after closed head injury (Schacter and Crovitz, 1977), and that project helped to cement my emerging interest in human memory. By the time I had begun my second year in Crovitz’s lab, I decided to pursue graduate studies focused on memory, and I submitted applications during the fall of 1975 to graduate programs with strength in memory research. Crovitz was instrumental in my decision to accept an offer from the Department of Psychology at the University of Toronto, which at the time was perhaps the most important center in the world for the cognitive study of human memory, with an impressive cast of leading researchers (i.e., Fergus Craik, Paul Kolers, Robert Lockhart, Colin MacLeod, Morris Moscovitch, Ben Murdock, Norman Slamecka, and Endel Tulving). I was fortunate that the late and great Endel Tulving, a memory researcher of whom Crovitz thought especially highly, accepted me as a student in his lab, where I initiated graduate studies in the fall of 1976.




On to Graduate School: Toronto and Oxford

The city of Toronto in 1976 had only recently emerged from its reputation during the 1950s and 1960s as a conservative, dull enclave of stuffy WASPs and was well on its way to becoming the vibrant, multicultural city that we know today. I enjoyed the city immediately upon arriving, notably the diversity of its ethnic restaurants, its clean and efficient subway system, and its cultural attractions, such as the Toronto Symphony and Art Gallery of Ontario. As a graduate student, however, most of my life was tied up with working to progress through the doctoral program and immersing myself in memory research. The richness of the Toronto environment for memory studies was as advertised and showcased most prominently in the weekly Ebbinghaus Empire brown bag meetings, during which students and faculty from the various Toronto-based memory labs came together to present talks on their latest findings, which were invariably subject to very tough but typically insightful critiques. I took invaluable courses offered by Ben Murdock on basic experimental and theoretical research in the cognitive psychology of memory and by Morris Moscovitch on neuropsychological approaches to memory and cognition. I was fortunate to form a great relationship from the start with Endel Tulving, a figure who some found intimidating (and not without reason), but whom I found to be both approachable and an invaluable source of theoretical insight and stimulation (for an overview of Tulving’s scientific contributions, see Roediger, Schacter, and Craik, 2025).

I initiated an experimental project during my first year of graduate school that, following from Tulving’s work on the importance of retrieval cues in episodic memory, attempted to specify properties of retrieval cues that made some more effective than others. This project served as my first-year master’s thesis. In early 1977, however, I became curious about a related topic that would soon become a dominant force in my academic life. A book chapter by Tulving titled “Ecphoric Processes in Recall and Recognition” (Tulving, 1976) piqued my interest regarding where the strange term “ecphoric” came from. As Tulving explained, the source was a little-known German biologist named Richard Semon who had written two books about memory in the early twentieth century in which he proposed new terminology to refer to key memory processes: “ecphory” for the process of retrieval; “engraphy” for the process of encoding; and “engram” for the memory trace (for English translations, see Semon, 1921, 1923). Tulving, like Semon, endorsed the idea of inventing new terms for scientific constructs because doing so allowed one to specify exactly what the terms meant and to avoid possibly misleading connotations attached to the everyday usage of these terms.

I was able to check out the English translations of Semon’s books from the University of Toronto library. As I plunged into reading them, it did not take long for me to realize that in addition to inventing new terms for memory processes, Semon had advanced a novel and sophisticated theoretical framework for conceptualizing human memory, one that anticipated many ideas that had only recently emerged in the cognitive psychology of human memory during the 1960s and 1970s. I discussed these ideas with Tulving and my fellow graduate student Eric Eich, and we decided that the depth and originality of Semon’s ideas, which were largely unknown and virtually never cited among contemporary cognitive psychologists, deserved exposure to the field. So together, we wrote an article that explained Semon’s theorizing and linked it to contemporary memory research (Schacter, Eich, and Tulving, 1978).

As I unearthed more information about Semon, I came to realize that he not only had developed original ideas about memory but also had been a prominent evolutionary biologist at the University of Jena before having to leave the university on account of a scandalous affair with Maria Krehl, the wife of another professor there. Semon moved with Maria to Munich and began working as a private scholar, where he wrote his two books on memory. Sadly, he suffered greatly from the negative reception of these books. I was shocked to learn that, suffering from depression resulting from a combination of scientific neglect, the death of Maria from cancer in spring 1918, and the fate of Germany in World War I, Semon took his own life in December 1918 at age 59. I also came to see that Semon’s early, impactful research as a biologist, and the neglect of his work on memory, raised intriguing general issues about the history and psychology of science. As an avid reader of books on the history of science, I began to wonder: Could I write one about Richard Semon?

Given the time requirements of my graduate coursework and experimental studies, the prospect of taking on a book writing project was daunting, but I found it hard to resist the intrigue of Semon’s personal life story, the prescience of his ideas about memory, and the broad implications of the scientific issues raised by the neglect of his work. Moreover, being only a couple of years removed from my father’s suicide, Semon’s decision to take his own life produced a strong emotional attraction to his story. The transition from a fanciful idea to a concrete project occurred when I joined Endel Tulving for part of his 1977–1978 sabbatical at the University of Oxford (I was a visiting graduate student at Oxford’s Department of Experimental Psychology from January to September 1978). Larry Erlbaum, who had just a few years earlier started publishing books on memory and cognitive psychology under the imprint of Lawrence Erlbaum Associates, visited Oxford in early 1978 and was open to listening to my pitch for a book on Semon. Much to my surprise and delight, he was interested in the project and soon after offered me a contract to write the book. Being close to continental Europe was helpful, as I learned of the existence of Semon’s correspondences with a variety of important scientific figures that were housed in archives located in Zurich and Munich that I was able to visit. (Although I did not know any German at the time, I took a three-week German immersion course during the summer of 1978 that equipped me to read the letters with a German-English dictionary at hand; and I received invaluable assistance from an Oxford friend, Agnes Kocsis, who was fluent in German.)

My time in Oxford was also enriched by the opportunity to participate in regular meetings with Tulving and the neuroscientist Lawrence Weiskrantz, who a few years earlier had published pathbreaking papers with the neuropsychologist Elizabeth Warrington demonstrating surprisingly robust retention in amnesic patients on tests that used fragmented words and pictures as retrieval cues. We had numerous stimulating discussions concerning the nature and implications of the Warrington and Weiskrantz work that influenced our subsequent experimental work.

Upon returning to Toronto in September 1978, I devised plans for moving forward with my graduate studies in a way that could accommodate writing the Semon book. For example, Semon’s first book, Die Mneme, discussed not only human memory but also memory in a broader sense that included “biological memories” passed down across generations through the Lamarckian principle of the inheritance of acquired characteristics. I planned to include a chapter in my book examining these ideas and the historical context in evolutionary biology for Semon’s proposals. To acquaint myself with the relevant literature, I took a course on the history of evolutionary biology offered by the University of Toronto historian of biology Polly Winsor that provided me with relevant background and, at the same time, fulfilled a course requirement in the Department of Psychology’s doctoral program (my term paper in this course provided the basis for chapter 7 in the book).

In parallel with researching and writing the book, I moved forward with other lines of work. One involved the initiation of experimental research that would ultimately provide the basis for my doctoral thesis, focusing on what was, at the time, a little-investigated aspect of human memory known as “the feeling of knowing”: the subjective feeling that a person could recognize in the future an item that they cannot recall at the moment. While it had been established that feeling-of-knowing judgments about unrecalled items from a recent study list predict a person’s ability to recognize that item at above-chance levels, not much else was known about them. Influenced in part by Tulving’s ideas about the interactive relationship between encoding and retrieval processes, over the next couple of years, I carried out experiments that showed that the relative frequency and accuracy of feeling-of-knowing judgments were affected by experimentally induced changes in encoding, storage, and retrieval conditions in ways that helped to characterize their nature and basis and that were consistent with Tulving’s theorizing about encoding-retrieval interactions. The experiments formed the basis of my 1981 doctoral thesis, and they were published a couple of years later (Schacter, 1983b).

While pushing forward on the thesis experiments and book writing, I was also afforded the opportunity to pursue my interests in amnesic patients and follow up on issues that were central to my discussions with Weiskrantz and Tulving in Oxford. One such opportunity came about as a result of an invitation that Tulving received to attend a conference in the fall of 1979 organized by the amnesia researcher Laird Cermak to promote exchange between cognitive psychologists working on normal memory and neuropsychologists studying memory disorders. In addition to accepting Cermak’s invitation, Tulving managed to convince Cermak to agree that I could attend the conference. The meeting was held in October 1979 at an idyllic location—the Lake Morey Inn in Fairley, Vermont—and boasted a roster of some of the most eminent researchers from both the neuropsychology and cognitive psychology of memory, including Marilyn Albert, Alan Baddeley, Nelson Butters, Robert Crowder, Larry Jacoby, Marcel Kinsbourne, Elizabeth Loftus, Morris Moscovitch, and Larry Squire. It was a thrill for a graduate student such as myself to be included among these luminaries, and both to witness and participate in highly stimulating and occasionally contentious discussions. Looking back many years later, several of us felt that this conference played an important role in generating the increased interactions between cognitive and neuropsychological perspectives that characterized some areas of memory research during the 1980s. After the conference, Tulving and I wrote an introductory chapter for the volume that Laird Cermak edited based on the conference, in which we laid out the key issues and problems that we thought researchers needed to address in order to promote productive interactions (Schacter and Tulving, 1982).

Post-Oxford, the question of how to think about amnesic patients’ surprisingly good performance on memory tests using fragmented words and pictures continued to intrigue both Endel Tulving and myself. In the summer of 1980, we came up with a design for a study with Toronto undergraduates in which we conceptualized memory effects on word fragment completion performance as a possible manifestation of the phenomenon of priming: a facilitation of test performance produced by a prior exposure to a test item. Recent studies from Larry Jacoby and others had shown that priming effects on tasks such as word identification could be dissociated from performance on a standard recognition test (e.g., Jacoby and Dallas, 1981). Might a similar dissociation be observed between fragment completion and recognition performance? To find out, we exposed participants to a long list of low-frequency words, and tested half of the items at a one-hour delay and the other half at a one-week delay using old–new recognition and word fragment completion tests. Whereas recognition performance declined as expected across the delay, priming effects on the word fragment completion test did not. In addition, the magnitude of the priming effect was identical for studied words that had been judged “old” and those judged “new” on a preceding recognition test, suggesting independence between the two processes (Tulving, Schacter, and Stark, 1982). Combining these results with evidence from Larry Jacoby concerning priming of perceptual identification performance, the earlier observations of Warrington and Weiskrantz regarding amnesic patients, and a more recent demonstration of preserved procedural learning in amnesic patients from Neal Cohen and Larry Squire, we concluded with a provocative suggestion: “Since the priming effects described in this article are clearly independent of episodic memory, and since there are problems with their interpretation in terms of modifications of semantic memory, we are tempted to think that they reflect the operation of some other, as yet little understood, memory system” (Tulving, Schacter, and Stark, 1982, 341). That suggestion would motivate much of my research during the 1980s and 1990s.

Around the same time in 1980 that the fragment completion experiments were conducted, I encountered an unexpected opportunity to extend my interests in amnesia and memory systems when I received a call from neuropsychologist Paul Wang at nearby Mount Sinai Hospital. He had just seen an intriguing patient, a young man with a rare kind of memory disorder known as functional retrograde amnesia: an inability to remember his personal identity or virtually any information about his personal past, despite an absence of detectable brain damage. The causes of these amnesias vary, but they are sometimes precipitated by an emotionally traumatic event, which appeared to be the trigger in this case (the patient’s grandfather, who had raised him after he was abandoned by his parents, had just died and the patient became amnesic after attending his grandfather’s funeral). Dr. Wang asked whether I would be interested in testing the patient, which I was. Knowing that memory problems in these kinds of patients sometimes clear up quickly, I assembled a battery of tests focused on episodic memory and semantic memory, and tested the patient (whom we called “Lumberjack”) the next day, when he remained amnesic, and three weeks later, after the amnesia had cleared. Results from testing during the amnesic episode showed a profound impairment of episodic memory coupled with preservation of semantic memory. By contrast, Lumberjack performed normally on both kinds of tests in the post-amnesic session. These and various other observations allowed us to publish the first quantitative assessment of memory performance in a patient with functional retrograde amnesia (Schacter et al., 1982), paving the way for later observations on a larger sample from Mark Kritchevsky and Larry Squire.




Next Steps: The Unit for Memory Disorders

By the end of 1980, I confronted a question familiar to anyone nearing the completion of a doctoral program: What’s next? Fortunately, an unusual opportunity presented itself: The Connaught Fund at the University of Toronto had just made available a new large grant program for innovative research projects. I discussed with Endel Tulving and Morris Moscovitch the possibility of writing a grant proposal for the establishment of a Unit for Memory Disorders within the University of Toronto that would employ cutting-edge techniques from the cognitive psychology of memory to study the performance of patients with memory disorders resulting from brain damage. We had made enough connections with clinicians in Toronto to make a strong case that we would have access to the required patient populations, and we had no shortage of ideas for proposed experiments. The grant was funded, and after defending my doctoral thesis in May 1981, I assumed the position of director of the Unit for Memory Disorders, housed in a historic University of Toronto building at One Spadina Crescent, located inside a traffic circle in the middle of busy Spadina Avenue, just a short walk from the Department of Psychology.

In parallel to getting started at the Unit for Memory Disorders, I worked hard to complete the Semon book, which I handed over to the publisher in late 1981. It finally saw the light of day in mid-1982 and was reissued in 2001 by a new publisher, Psychology Press, with a much nicer front cover than the original and an engaging foreword by Endel Tulving (Schacter, 1982, 2001a). Throughout the next six years, I was fortunate to carry out numerous studies with colleagues in the Unit for Memory Disorders and also the Department of Psychology at the University of Toronto; here I will touch on just a few highlights. One of the lesser-known (but for me, most enjoyable) projects from that time was a case study of a man with a clinical diagnosis of early Alzheimer’s disease who presented as severely amnesic, but knew enough about his life to tell me that golf was one of his hobbies. Given my history with golf, and that golf taps a variety of different aspects of memory—episodic memory for individual shots and one’s score on each hole, semantic memory for golf jargon and rules, and procedural memory for swing mechanics—I was eager to find out how a severely amnesic golfer would fare during a round. We played two rounds separated by a couple of weeks, and the results were clear-cut (reported in detail in Schacter, 1983a). On the one hand, the patient generally hit the ball well and though it was impossible to know whether his execution of golf skills had deteriorated as a function of Alzheimer’s disease, his performance was well within the range of typical golfers, consistent with his golf handicap from the past decade (i.e., a rough estimate of his ability based on posted scores), and reflected an ability to execute complex procedural skills. Similarly, he used golf jargon appropriately (e.g., birdie, par, divot) and knew the rules and etiquette of golf (e.g., marking his ball on the green, playing when farthest away from the hole), reflecting access to well-established semantic knowledge. On the other hand, the patient’s episodic memory for the ongoing events of the round was virtually absent: He did not recall his shots on a hole when I tested him as we walked off the green and would often forget where he had hit the ball—or even that he had hit the ball—if there was any delay between executing the shot and walking after it. The extent to which the patient’s amnesia affected his episodic memory in this everyday context was surprising even to me. Of course, the areas in which the patient performed well (golf skills and jargon) reflect preservation of old knowledge and skills acquired before the onset of dementia, whereas his impaired performance reflected impaired new knowledge. Thus, it was not possible to draw any firm theoretical conclusions regarding differential preservation of episodic, semantic, and procedural memory in this case study. Nonetheless, I was pleased with the positive reception accorded my write-up of this unusual case study.

Another striking and partially related kind of memory loss that I explored around the same time was one that I had initially read about during my stint in Herb Crovitz’s lab: a curious phenomenon demonstrated in studies of hypnotized subjects known as source amnesia, in which subjects sometimes successfully recalled novel facts that an experimenter had just told them, but failed to recall that the experimenter was the source of the new information. Source amnesia resembled phenomena that had previously been observed clinically in brain-damaged patients with amnesia, but had never been formally investigated in these patients. We initiated such a study with the patient population we had assembled at the Unit for Memory Disorders, as well as in an experiment with healthy young adults that was part of an honors thesis performed by a University of Toronto undergraduate, Joanne Harbluk. We used made-up “facts” about famous people as our target items that were presented initially in the form of a question by one of two experimenters seated across from the patient (e.g., “What job did Bob Hope’s father have? Fireman) and then recurred later in the sequence of similar “facts.” When participants provided the correct answer on the second occurrence of a question, they were asked “How do you know that”? We distinguished between source amnesia, in which an individual provides a source outside the experiment for a fact acquired within the experiment, and source forgetting, in which an individual recalls that a new fact came from the experiment but fails to recall the exact source within the experiment (e.g., which of two experimenters provided the fact).

We demonstrated robust source amnesia for recalled facts in a group of patients with severe memory disorders after brief study-test delays of a few minutes; by contrast, healthy young adults, even when tested at a long study-test delay (i.e., one week), almost never exhibited source amnesia, but they did exhibit considerable source forgetting (Schacter, Harbluk, and McLachlan, 1984). Interestingly, we observed correlational evidence linking source amnesia in the patient group with poor performance on neuropsychological tests sensitive to frontal lobe dysfunction, a finding that was demonstrated more directly in subsequent research from Larry Squire’s lab. I was able to pursue issues related to the role of frontal lobe dysfunction in memory in more detail in a theoretical paper that was initiated during a six-week visit to Squire’s lab at the University of California–San Diego/VA Medical Center during the winter of 1983. Many stimulating discussions with Larry and other members of his lab helped to shape the paper, which was published several years later in Psychobiology (Schacter, 1987b).

Peter Graf, who led important work on the topic of priming with Larry Squire and George Mandler in San Diego, had moved to the University of Toronto shortly after we opened the Unit for Memory Disorders. Recognizing our common interests, we collaborated on a study of priming in healthy individuals and memory-impaired patients. In the resulting paper, we coined a new term for the form of memory that was characterized by an impact of a prior experience in the absence of conscious recollection for the prior occurrence of that experience: implicit memory, which we contrasted with explicit memory, involving conscious recollection of past experiences (Graf and Schacter, 1985). Graf and I went on to publish a series of articles providing novel experimental evidence for dissociations between implicit and explicit memory, and many other researchers began to work on similar issues. Witnessing what appeared to be the beginnings of a significant new subfield of memory research, and seeking to place this new work in the context of earlier related observations, I wrote a historically based review that attempted to delineate key issues for this emerging research area and point the way toward the future, published in the Journal of Experimental Psychology: Learning, Memory & Cognition (Schacter, 1987a).

Our experimental work on implicit memory also inspired a line of research at the Unit for Memory Disorders in which we attempted to tap preserved implicit memory capacities in patients with memory disorders for purposes of memory rehabilitation. At the time, most studies of memory rehabilitation focused on trying to restore lost memory abilities, but unfortunately did not achieve much success. In studies led by Elizabeth Glisky, who joined the Unit for Memory Disorders after completing her doctoral research working with Fergus Craik at the University of Toronto, we attempted to draw on preserved priming abilities in our patients to teach them what we called “domain-specific knowledge”: knowledge and skills that could be helpful to them in their everyday lives, despite their general memory impairments.

We focused on teaching patients how to use personal computers, which had only recently come on the scene, but were increasingly commonly used at home and at work. Using a priming-based technique that we called “the method of vanishing cues,” we demonstrated that patients could acquire a large amount of computer vocabulary and programming skills and could retain that information across a one-year delay (Glisky, Schacter, and Tulving, 1986). These effects were especially impressive in the case of perhaps the most severely amnesic patient in our sample, a young man who had suffered a closed head injury and was known mainly in the literature by the initials KC (Kent Cochrane, who passed away in 2014). Kent had sustained damage to a number of brain regions, including prefrontal, parietal, and medial temporal regions, resulting in an inability to remember any specific episode from his personal past (Rosenbaum et al., 2005). Nonetheless, Kent showed robust learning of computer knowledge and skills that persisted for a year, even though when questioned at the beginning of each of his twice-weekly learning sessions, Kent did not recall ever having worked on a computer previously. In our most direct application of this work, we were able to train another, almost equally severely impaired patient who had become amnesic as a result of viral encephalitis, to learn a complex real-world job involving data entry into a computer (Glisky and Schacter, 1989).

In parallel with this more applied line of work, I put a lot of time into thinking through the theoretical issues raised by the striking phenomena of implicit memory, in particular the question of whether dissociations between implicit and explicit memory in amnesic patients and healthy individuals reflected the operation of distinct memory systems or different processes operating within a single memory system. This issue has been discussed at length over the past 40 years by myself and countless others, and I do not propose to adjudicate it here. Most relevant for the present purposes is that concern with this issue led me to have lengthy discussions with the late David Sherry, an animal behavior researcher at the University of Toronto with expertise in evolutionary biology, about whether evolutionary considerations could help us to frame or perhaps resolve the debate over whether dissociations between implicit and explicit memory require the postulation of multiple memory systems. Our discussions resulted in a theoretical formulation that featured the construct of what we called functional incompatibility: when an evolutionary adaptation that serves a particular function cannot, because of its specialized nature, serve other functions.

We believed that functional incompatibility was a key concept that was missing from the ongoing multiple memory systems debate. Putting together our respective areas of expertise in memory dissociations and evolutionary processes, we wrote a theoretical paper that was published in the Psychological Review (Sherry and Schacter, 1987). We stated:
 
“The reason, we will argue, that the evolutionary outcome has been multiple memory systems rather than a single system capable of serving many functions is that the memory system that effectively solves some environmental problems may be unworkable as the solution to others” (Sherry and Schacter, 1987, 443). The basic idea was very similar to one later advanced in the influential complementary learning systems framework of Jay McClelland, Bruce McNaughton, and Randy O’Reilly, and although these authors did not cite our work initially, this oversight was acknowledged and rectified over two decades later in an overview of the complementary learning systems perspective (O’Reilly et al., 2014).




Into the Desert: Tucson and the University of Arizona

By 1986, our work at the Unit for Memory Disorders was going well, I enjoyed my collaborations with other young researchers at the University of Toronto such as Peter Graf and David Sherry, and I had received funding from the Natural Science and Engineering Council of Canada (NSERC) to complement our internal Connaught Fund support. But I had been in Toronto for a decade and was still working (albeit to a limited extent) with my doctoral supervisor. Was it time for a change? That question became quite salient when, in February 1986, I participated in a cognitive science conference at the University of Arizona. I spent some time there with the neuroscientist Lynn Nadel, who had recently moved to Tucson along with the cognitive psychologist Lynn Cooper. Other big names had committed to become part of a new and ambitious cognitive science program at the University of Arizona and would be moving there soon, including John Kihlstrom from Wisconsin, Merrill Garrett from Massachusetts Institute of Technology (MIT), and Ken Forster from Monash University. Nadel asked if I might also be interested, and the prospect of joining such an illustrious group was enticing, so I responded positively. It did not hurt that this initial conversation took place in the idyllic weather conditions characteristic of Tucson in February, which contrasted sharply with the cold and snow of Toronto.

Long story short, the recruitment was successful, and I joined the faculty in the Department of Psychology at the University of Arizona in summer 1987, beginning a tenured appointment at the associate professor level. Happily, I was accompanied in Tucson by my fiancé, Susan McGlynn (we married in January 1988), who had decided to pursue a career in clinical neuropsychology and was admitted to the University of Arizona’s clinical psychology doctoral program. Another positive feature of the move was that the University of Arizona also recruited my colleague at the Unit for Memory Disorders, Elizabeth Glisky, and we were excited to be able to continue the research we had been doing on memory rehabilitation once we established an appropriate patient population in Tucson, a task that was facilitated by the cooperation of Tucson-based neuropsychologists and neurologists, including Al Kaszniak, Alan Rubens, and Steve Rapcsak.

Three scientific endeavors stand out from my time in Tucson. The first concerns a collaboration with the late Lynn Cooper, who had done pioneering work on visual object processing. We discussed common interests and quickly converged on the idea of combining Lynn’s expertise in visual object processing with my research on priming and implicit memory, which had used verbal material exclusively. The result was a new behavioral paradigm for investigating implicit and explicit memory in which we first exposed subjects to a series of novel shapes, half structurally possible and half structurally impossible (i.e., a two-dimensional object drawing contained lines and angles that could not exist in the real three-dimensional world). After a delay, explicit memory was tested with a standard old–new recognition task, whereas implicit memory was tested with an object decision task in which participants had to judge whether previously presented objects and new objects were structurally possible or impossible. We observed evidence of priming on this test—enhanced object decision performance for previously presented possible objects but not for previously presented impossible objects. This occurred, however, only when participants performed encoding tasks focused on the overall or global shape of the possible objects and not when encoding tasks focused on their local features (Schacter, Cooper, and Delaney, 1990). Moreover, we provided evidence in several studies that various experimental manipulations had different effects on priming and explicit memory for possible objects, and further, we found that patients with memory disorders exhibited intact priming despite impaired explicit memory (Schacter et al., 1991). These and related observations led us to seek guidance from the neuropsychological literature on visual object processing, in which investigators such as Glynn Humphreys and Jane Riddoch had proposed that visual object processing relies on a structural description system linked to the ventral visual processing stream, which represents global object form and structure, but not their semantic and associative properties (e.g., how an object might be used in the real world). We proposed that priming on the object decision task relies primarily on this structural description system, consistent with its preservation in cases of patients with memory disorders, who typically do not have problems processing the form and structure of visual objects. This line of thinking led me to the more general idea that perceptual representation systems that had been identified in neuropsychological research played a critical role in various priming effects we and others had been observing, with a visual word form system that had been identified initially in research in reading disorders contributing importantly to visual word priming (Schacter, 1990, 1992). In a Science paper, Endel Tulving and I proposed the existence of a perceptual representation system in addition to four other major memory systems (i.e., working, episodic, semantic, procedural; Tulving and Schacter, 1990).

A second scientific endeavor from the Arizona years is related to the object decision work and involved my introduction to functional neuroimaging. Soon after I landed in Tucson, Eric Reiman, a psychiatrist with research interests in memory and expertise in positron emission tomography (PET) imaging, arrived in Phoenix from Washington University in St. Louis with plans to set up a PET center. Eric contacted me to explore joint interests. We discussed plans for a PET study using our recently established possible–impossible object decision paradigm. It took several years for the study to be completed, but the results provided early neuroimaging evidence selectively linking the hippocampus with explicit but not implicit memory, a result that was sufficiently novel to merit publication in Nature (Schacter et al., 1995).

A third important scientific endeavor from the Tucson years concerns an activity that is necessary to have a successful research career—obtaining external funding. Having just moved from Canada and my secure funding there, I was warned about the possible difficulties of breaking into the U.S. granting system. Fortunately, these concerns were quickly allayed. I began to develop ideas about research on aging memory, focusing mainly on issues related to source recollection, and with the collaboration of my University of Arizona colleagues Al Kaszniak and John Kihlstrom, submitted a proposal for an NIH R01 grant that was funded by the National Institute on Aging. With Lynn Cooper, I was also successful in obtaining funding from the Air Force Office of Scientific Research to support our work on object decision priming. In addition, shortly after my arrival in Tucson, the McDonnell and Pew Foundations announced a new joint program to establish a set of centers in the area of cognitive neuroscience. I participated in the University of Arizona proposal that resulted in one of those centers being established in Tucson.

In addition to these positive scientific developments, my wife Sue and I enjoyed living in Tucson, especially the amazing weather there from October through May (we survived but did not love the summers). I returned to playing golf with regularity in a fun faculty foursome that included the late Dick Bootzin, Merrill Garrett, and Ken Forster. Sue and I had no plans to leave anytime soon, but in the fall of 1989, I received a phone call from Stephen Kosslyn in the Department of Psychology at Harvard, inquiring whether I would be interested in being considered for a position there. I was intrigued and honored, realizing that such expressions of interest from Harvard do not come around every day. As much as we liked Tucson, both of us had family ties in the east, and the prospect of being closer to family as we began thinking about starting our own family was attractive. So I gave Kosslyn the green light, visited Harvard for a talk in November 1989, and accepted their offer of an appointment as professor of psychology in May 1990, with plans to begin the position in early 1991.

The timing of our upcoming geographical transition matched that of another personal transition: our first child, Hannah Lindsay Schacter, was born in Tucson on December 12, 1990, just six weeks before we moved to the Boston area. Sue was in the midst of completing her doctorate in clinical psychology at the University of Arizona, so there was no lack of stress in our lives during this period. We managed to buy a house—rare new construction in Newton, about a 20-minute drive from the Department of Psychology at Harvard—and moved into our new home on February 1, 1991.




Back East: Transition to Harvard

Although moving with a six-week old baby is challenging, in other respects, moving from Tucson to Boston was not as disruptive as moving from Toronto to Tucson. I had already secured external funding for my research, and a graduate student from my University of Arizona lab, Barbara Church, also moved, thus enabling continuation of a promising line of research we had started on the underexplored phenomenon of auditory implicit memory. I had also already established collegial relationships with several researchers at the VA Medical Center in nearby Jamaica Plain—Laird Cermak, Bill Milberg, and Mieke Verfaellie—who were interested in memory disorders and were willing to provide access to a well-established population of amnesic patients, as well as other patients with different kinds of neuropsychological deficits.

I was eager to continue my involvement with neuroimaging and began a collaboration with the neuropsychologist Marilyn Albert, who was becoming involved in PET research, and the physicist Nat Alpert, who ran the PET lab at Massachusetts General Hospital and was already collaborating on studies of mental imagery with Stephen Kosslyn. We initially focused on trying to sort out issues concerning the conditions in which the hippocampus showed increased activity during an explicit recall test, providing evidence that hippocampal activation was related to characteristics of successful conscious recollection, rather than to the cognitive effort involved in trying to recall a past experience (Schacter et al., 1996a).

Work in my lab during the first few years at Harvard also remained focused on issues related to the distinction between implicit and explicit memory. With Barbara Church, we published studies that delineated properties of auditory priming effects in young and older adults, and dissociated these effects from explicit memory (e.g., Church and Schacter, 1994). In a study of amnesic patients, we provided evidence for spared auditory priming despite impaired explicit memory (Schacter, Church, and Treadwell, 1994). Bill Milberg referred to us a patient with brain damage with the relatively rare diagnosis of “word meaning deafness”: The patient could process auditory properties of spoken words but lacked comprehension of their meaning. In a collaborative study, we were able to show that the patient nonetheless showed intact priming on an auditory identification test, supporting the idea that such priming operates at a presemantic level and is supported in a perceptual representation system (Schacter et al., 1993). Pulling together these lines of research with broader developments in the field, graduate students Peter Chiu, Kevin Ochsner, and I published an Annual Review of Neuroscience article that updated research on implicit memory and fleshed out key issues and questions (Schacter, Chiu, and Ochsner, 1993).

In parallel with these scientific developments, during my initial years at Harvard, I also spent time pursuing a relatively recently developed interest: works by visual artists who were interested in exploring memory through their artwork. This interest was born in Tucson, when I stumbled across a multimedia piece in an art exhibition titled “The Color of Memory” by the Tucson artist Richard Schaefer. The piece presented a visual comparison between computer memory and biological memory, and interested me enough to purchase it. I became acquainted with Schaefer and subsequently commissioned another work, this one on the theme of preserved implicit memory in amnesia, which the artist realized in a multimedia piece with abstract shapes representing memory traces and a tear through the center of the piece representing a brain lesion. After moving to Boston, I began looking for other artists who focused on memory, by reading art magazines and going to local galleries, where I identified some promising artists. I was motivated to purchase some of these artworks and soon found a way to make that financially feasible. In 1991, I was fortunate to receive the Troland Award from the National Academy of Sciences, which came with a sizeable cash stipend. Recipients were supposed to use the stipend for something related to their work, and I thought that funding a collection of art around the theme of memory was a novel and appropriate use of the funds. Over the next few years, that’s what I did. The resulting collection included both local Boston artists, notably Ben Freeman, Catherine McCarthy, and Cheryl Warrick, and others from various locations, including California (Mildred Howard), New York (Laurie Novak), and Ontario, Canada (the late Carl Beam). Although I included artists working in a variety of styles in this collection, the works that I found most effective in evoking characteristics of memory often involved the use of reworked photographs of people and places from the artist’s past. Working with a local art professional, Mary Olmstead, we assembled a show based on this “memory art collection” that was exhibited at the New Art Center in Newton during the fall of 1993. The show was titled “Fragile Power: Explorations in Memory,” and it received a positive review from the Boston Globe’s art critic at the time, the late Christine Temin. Fortuitously, the Memory Disorders Research Society met in Boston when the exhibit was up, and several conference attendees made the short trip to Newton to view it. I found it satisfying to see this coming together of the art and science of memory, and I further realized that intersection when I began in the fall of 1993 to write Searching for Memory: The Brain, the Mind, and the Past (Schacter, 1996). I included reproductions of various works from the “memory art collection” that depicted aspects of memory I highlighted through text, which I felt would add a novel dimension to the book. I was pleased that many readers and reviewers appreciated this distinct feature. That fall was notable for another reason: On November 16, 1993, we welcomed a second daughter to our family, Emily Anne Schacter. Thankfully, Emily was an “easy baby,” and I managed to sleep enough during the next few years to complete the book on schedule.




False Memories: Mind, Brain, and Society

In December 1993, shortly after the memory art exhibit closed, I gave an invited talk in a memory symposium held at the Museum of Fine Arts in Boston on the contentious topic of recovered memories of childhood sexual abuse. The other speakers were Elizabeth Loftus, well-known for her experiments and ideas on false memories, and James Chu, a clinician who worked with dissociative amnesia. I did not know much about recovered memories at the time and was asked to speak about my work on implicit memory. I was taken aback as I approached the entrance to the auditorium where the symposium was to be held and encountered a picket line of individuals holding placards that protested the involvement of Loftus in the symposium. Security in the auditorium was tight and the atmosphere was tense. Loftus spoke first and the protestors made their feelings known by coughing loudly throughout her talk in an attempt to disrupt it. Not to be deterred, Loftus gave a typically lucid and compelling talk. I spoke next and, to my surprise, the coughing continued. Even though I had not taken any position on recovered memories, the protestors in the audience seemed to have assumed that as an experimentalist, I would be aligned with Loftus and thus in opposition to their views. When the clinician Chu spoke about dissociative amnesias, the coughing stopped.

That symposium was a jarring introduction to the heated debate over recovered and false memories that continued throughout the 1990s. At around the same time, two ostensibly unrelated developments led me to focus on questions concerning accuracy and distortion in human memory. First, my colleagues and I began to study a patient (BG), referred to us by Bill Milberg. BG had experienced a stroke in his right frontal lobe. Issues concerning the role of the right frontal lobe in memory were prominent in the early 1990s as a result of early PET studies from Tulving, Craik, Moscovitch, and their colleagues revealing preferential right frontal lobe activation during episodic memory retrieval (vs. encoding). We discovered, unexpectedly, that BG showed pathologically high levels of false recognition across several standard memory paradigms: After studying a list of words or pictures, he claimed with high confidence to have detailed recollections of novel items that had not appeared in the list (Schacter et al., 1996b). Our findings led me to contemplate more generally the neural basis of memory distortions and other constructive aspects of memory—a topic that I came to realize was quite underdeveloped in the cognitive neuroscience of memory.

Second, in the early 1990s, Harvard established a new interdisciplinary initiative called Mind, Brain, and Behavior that brought together interested faculty from different parts of the university. As part of this initiative, I participated in a small working group concerned with memory, which quickly became focused on issues related to memory distortion, stimulated in part by the raging debate in society concerning the accuracy of recovered memories of childhood sexual abuse. Our group organized a conference on the broad topic of memory distortion that brought together an impressive group of scientists and scholars from disciplines, including cognitive psychology, psychiatry, neuroscience, history, sociology, and religious studies for a meeting at the American Academy of Arts and Science in May 1994. The meeting stimulated considerable interest and resulted in the publication of a volume composed of chapters based on conference presentations on which I served as the primary editor (Schacter, 1995).

My involvement in this conference and book, together with our observations of heightened false recognition in right frontal patient BG, led me to focus increasingly on the cognitive neuroscience of constructive memory—the title of an Annual Review of Psychology article that I coauthored with then–graduate student Ken Norman and postdoctoral fellow Wilma Koutstaal (Schacter, Norman, and Koutstaal, 1998). The theoretical framework we proposed in that article helped to shape the focus of my lab’s research for the next decade and more, in which we combined neuroimaging studies, neuropsychological investigations of amnesic patients, and cognitive studies of young and older adults in an attempt to paint a broad picture of the neurocognitive processes that play an important role in memory construction. A useful tool for exploring these issues emerged in 1995 when Roddy Roediger and Kathleen McDermott published an important paper in which they rescued from obscurity a word-list paradigm for inducing false recall of semantic associates of words presented on a study list. The study had been initially published in 1959 by the psychologist James Deese. Roediger and McDermott extended the paradigm to false recognition, demonstrating a surprisingly high level of confident false recognition for a nonstudied “critical lure” word (e.g., sweet) that was a strong associate of previously studied words (e.g., candy, sour, sugar, bitter, good, taste). Using this Deese-Roediger-McDermott (DRM) paradigm, we conducted neuroimaging and neuropsychological studies that helped to characterize the role of the medial temporal lobe (and other regions as well) in false recognition.

We found, for example, that amnesic patients with medial temporal lobe damage showed reduced false recognition for critical lure words compared with age-matched controls, which we interpreted as evidence for their lack of memory for the semantic gist of previously studied lists of semantic associates that converged on the critical lure item (Schacter, Verfaellie, and Pradere, 1996). In subsequent studies of patients with Alzheimer’s disease conducted in collaboration with Andrew Budson, we documented similar reductions in false recognition related to semantic gist (Budson et al., 2000) as well as perceptual gist (i.e., reduced false alarms to perceptually similar novel objects in Alzheimer’s patients; Budson et al., 2001). We also found evidence in PET and fMRI studies for medial temporal activation during false recognition of critical lure items in healthy young adults (Schacter et al., 1996c; 1997). In addition, we and others found healthy older adults showed increased false recognition of critical lure items compared with young adults, likely reflecting their preserved memory for, and reliance on, the semantic gist of previously studied lists (Norman and Schacter, 1997). A study led by Wilma Koutstaal provided converging evidence by demonstrating that older adults showed dramatically higher levels of false recognition for nonstudied pictures from a studied category than did young adults, again reflecting reliance on semantic gist in the older adults (Koutstaal and Schacter, 1997).

These and related studies led us to conclude that the DRM false recognition effect, and similar perceptual false recognition effects demonstrated in fMRI work with Scott Slotnick (Slotnick and Schacter, 2004), can be expected to occur when people retain and rely on general or gist-like features of previously studied information. A natural corollary of this perspective is that these kinds of gist-based false recognition effects should be reduced following conditions that favor encoding of specific or distinctive features of target information. And, indeed, we showed that when DRM lists are encoded in the form of pictures that emphasize distinctive perceptual information about each studied item, false recognition of critical lure items is greatly reduced. We proposed that this reduction reflects reliance on a distinctiveness heuristic: a retrieval orientation in which people expect to remember vivid details of a past experience and make recognition judgments based on this metacognitive expectation. We conducted several studies documenting the use of a distinctiveness heuristic in young and older adults (Israel and Schacter, 1997; Schacter, Israel, and Racine, 1999). In subsequent years, studies led by postdocs Chad Dodson (Dodson and Schacter, 2002) and David Gallo (Gallo, Weiss, and Schacter, 2004) extended this work on the distinctiveness heuristic in novel directions using innovative methods for assessing its use in both age-groups. Impressed by the robustness of age-related effects in memory distortions, in subsequent years we attempted to understand their neural underpinnings using fMRI (Giovanello et al., 2010; Paige et al., 2016) and suggested theoretical ideas for characterizing the key processes at play (Devitt and Schacter, 2016).

My research focus on constructive memory led me to think broadly about different kinds of memory errors. Although psychologists had studied forgetting since the groundbreaking nineteenth-century studies of Herman Ebbinghaus, and there was a burgeoning literature on memory distortions, it struck me that that there had been few, if any, attempts to organize or classify the different ways in which memory can go astray. Beginning in 1998, I buried myself in this literature and came away convinced that memory’s malfunctions could be organized into seven basic categories, which in homage to the ancient seven deadly sins, I called the seven “sins” of memory: three sins of omission that refer to different kinds of forgetting (transience, absent-mindedness, blocking) and four sins of commission that refer to forms of memory distortion (misattribution, suggestibility, bias) and intrusive memories (persistence). I laid out my ideas initially in an American Psychologist article (Schacter, 1999) and followed that with a book (Schacter, 2001b; for an updated edition, see Schacter, 2021). Considering all these sins together, and the havoc that they can wreak in everyday life—the large number of wrongful convictions based on eyewitness memory errors is alone sufficient to raise serious doubts about the reliability of memory—could easily lead one to conclude that human memory is fundamentally flawed. But it simply does not make sense that evolution could have produced such a defective system. I therefore proposed that each of the seven sins could be viewed as by-products of otherwise adaptive features of memory. For example, I argued that the memory sin exemplified by the phenomenon of false recognition—misattribution—arises because we typically do not need to remember every detail of every experience and are often better served by holding on to the central meaning, or gist, of our experiences. This focus on adaptive aspects of memory errors helped me to move forward with the next phase of my research program by focusing my attention on questions concerning the functions of a constructive memory.

I wrote the first few chapters of Seven Sins toward the end of a full year sabbatical during academic year 1998–1999—a much-needed break after serving the first of what turned into three three-year terms as chair of the Department of Psychology at Harvard. I spent the final few months (May–August 1999) of that sabbatical as a visitor in the recently formed Institute for Cognitive Neuroscience at University College London (UCL). Happily, my family (wife Sue, eight-year-old daughter Hannah, and five-year-old daughter Emily) accompanied me to London. We lived in a UCL flat just off of Russell Square and had many wonderful experiences during our time there. I will always be indebted to Tim Shallice, Mick Rugg, and others at UCL for making my time in London so rewarding, from both a scholarly and family perspective.

During the 1990s, an emerging focus on constructive aspects of memory was not the only research going on in my lab. One notable development was led by two of the emerging young leaders in fMRI research in the late 1990s, Anthony Wagner, then a recent Stanford doctoral graduate doing a postdoc with me, and Randy Buckner, then a recent Washington University doctoral graduate based at the branch of the Massachusetts General Hospital in the Charlestown Navy Yard, one of the centers that played a key role in the development of fMRI. Randy and his collaborator Anders Dale were key players in the development of methods for doing event-related fMRI, which allows researchers to link brain and behavioral responses to stimuli presented on individual trials (as opposed to analyzing brain activity across a block of trials). We applied this technique to the analysis of encoding processes, in a study in which participants made encoding judgments about a long list of words while in the scanner and were given a recognition test the next day. The key question concerned whether brain activity during encoding was greater for words that participants successfully remembered the next day compared with those they forgot. The answer was a resounding “yes”: Increased activity in two regions previously linked with deep or semantic encoding—the left inferior frontal lobe and left parahippocampal region—occurred for remembered versus forgotten items. The finding was important enough that the paper describing it was published in Science (Wagner et al., 1998), together with a paper from John Gabrieli’s lab at Stanford reporting similar findings with pictorial materials. In addition to the specific findings from this work, we were able to put to use this “subsequent memory” paradigm in a variety of later studies on issues, including how encoding processes can sometimes contribute to later memory distortions (Aminoff, Schacter, and Bar, 2008; Garoff, Slotnick, and Schacter, 2005), the role of the hippocampus in successful associative encoding (Chua et al., 2007), and the effects of reactivating a memory on the accuracy of subsequent recognition of the original experience (St. Jacques, Olm, and Schacter, 2013). We were also able to apply event-related fMRI to studying retrieval failures in which the ability to sort fMRI data as a function of participants’ responses on specific trials was critical, such as the “tip-of-the-tongue” phenomenon, in which retrieval fails but people have a strong subjective sense that recall is imminent (Maril, Wagner, and Schacter, 2001), and the related “feeling of knowing,” in which retrieval fails but people feel that they would be able to recognize the information on a later test (Maril et al., 2003). As mentioned earlier, my doctoral thesis experiments had attempted to elucidate cognitive characteristics of the feeling of knowing, and so it was of interest to observe via fMRI that specific patterns of activity in left prefrontal and parietal cortices were associated with the subjective features of the feeling of knowing that I had only been able to study behaviorally in my doctoral thesis.




From the Past to the Future

In 2005, a new postdoc arrived in my lab, Donna Rose Addis, who had just completed her doctorate at the University of Toronto, using fMRI to study autobiographical memory. We began to discuss the possibility of extending this approach to exploring how people imagine future experiences. My interest in this topic dated back to the 1980s and the Unit for Memory Disorders, where we studied a severely amnesic patient I described earlier named Kent Cochrane. While my research interest in Kent stemmed mainly from his intact implicit memory capacities despite not being able to explicitly remember a single episode from his entire life, a rather different kind of observation from a testing session in the early 1980s caught my attention. Endel Tulving and I were seated across the table from Kent, and Endel asked him a simple question: What will you be doing tomorrow? Kent could not conjure up any particular experience that might happen tomorrow, instead saying that his mind was blank—the same kind of response he would give when asked to recall what he did yesterday. Both Tulving and I were dumbstruck by Kent’s response, which suggested that his profound episodic memory deficit encompassed both his past and his future (Tulving, 1985).

That observation stuck with me, and from time to time over the ensuing years, I thought about how to investigate the role of episodic memory in imagining future experiences, but it was not until Donna’s arrival in the lab that a path forward became clear. We came up with an fMRI paradigm in which participants received word cues and were asked to remember a past personal experience, imagine a future personal experience, or perform control tasks involving nonpersonal visuospatial or semantic processing. We observed strikingly similar increases for the past and future event tasks, compared with the control tasks, in brain regions, including medial temporal and frontal lobes, posterior cingulate and retrosplenial cortex, and lateral parietal and temporal areas (Addis, Wong, and Schacter, 2007). We suggested that these regions together composed a core neural network, largely overlapping with the default mode network (Buckner, Andrews-Hanna, and Schacter, 2008) that supports the ability to remember past experiences, imagine future experiences, and engage in related forms of what we called “episodic simulation” (Schacter, Addis, and Buckner, 2007, 2008). Although we initially made this suggestion based on our own and a couple of other neuroimaging studies, research on this issue accelerated soon after 2007, and by 2015, a meta-analysis of our and others’ neuroimaging studies led by Roland Benoit confirmed the role of this core network in supporting episodic simulation based on a much larger sample of studies (Benoit and Schacter, 2015). We and others also produced purely behavioral evidence that highlighted similarities between past and future events. For instance, Donna Addis and I initiated a behavioral line of research comparing young and older adults that documented similar age-related declines in the number of episodic details when young and older adults remembered past and imagined future experiences (Addis, Wong, and Schacter, 2008).

Conceptually, thinking about this new line of work in light of my theorizing about adaptive aspects of memory sins and the functions of a constructive memory suggested an intriguing idea: Episodic memory enables elements of past experiences to be flexibly recombined to imagine novel future scenarios, which is an adaptive ability because it allows people to mentally simulate different ways of dealing with novel future situations without having to engage in any actual behaviors. This same flexibility could be responsible for memory errors that result from mistakenly combining elements of imagination and memory. We referred to this idea as the constructive episodic simulation hypothesis (Schacter and Addis, 2007a, 2007b).

During the two decades since beginning this line of research, we have attempted to test the constructive episodic simulation hypothesis in various ways, and I will briefly mention a few of them. First, we have attempted to manipulate the involvement of episodic retrieval in future imagining with a procedure we call episodic specificity induction (ESI): brief training in recalling episodic details from a recent experience. Following an ESI or a control induction that does not involve recalling episodic details, participants engage in tasks that we hypothesize draw on episodic retrieval, such as imagining a future experience, or tasks that we do not think draw on episodic retrieval, such as describing a picture or generating semantic associations. The logic is simple: If ESI affects a subsequent task (compared with the control induction), we infer that the task draws on episodic retrieval. In studies spearheaded by two graduate students in my lab, Kevin Madore and Helen Jing, we consistently found that ESI selectively affects a variety of tasks that involve imagining future experiences (e.g., Madore, Gaesser, and Schacter, 2014; Jing, Madore, and Schacter, 2016). Results from an fMRI study showed that core network regions, including the hippocampus, showed increased activity when people imagined a future experience following the ESI versus a control induction (Madore et al., 2016).

Second, we also attempted to manipulate episodic retrieval by using transcranial magnetic stimulation (TMS) to inhibit activity in one of the key core network regions, the angular gyrus. A study led by Preston Thakral when he was a postdoc in the lab showed that TMS to the left angular gyrus (compared with TMS to a control region) similarly reduces the number of episodic details that participants generate when they remember past experiences and imagine future experiences, while having no effect on nonepisodic details or on a semantic association control task (Thakral, Madore, and Schacter, 2017). Third, fMRI studies led by Thakral using multivariate pattern classification analyses provided evidence that neural patterns linked to elements of autobiographical memories (people and places) are preserved when these elements are recombined into imagined future experiences, with key effects documented in the hippocampus and angular gyrus (Thakral et al., 2020a). Fourth, studies led initially by Karl Szpunar and later by Roni Setton and Jordana Wynn, adapted the technique of fMRI repetition suppression—where repetition-related reductions in fMRI signal implicate specific brain regions in processing particular types of stimuli—to tease apart the contributions of specific core network regions to episodic simulation. In experiments in which participants initially imagined future events involving familiar people and locations, and subsequently imagined either events involving the same people and places or novel recombined versions, repetition suppression data linked core network structures including retrosplenial, parahippocampal, and posterior parietal cortices to imagined locations and medial prefrontal cortex to imagined people (Setton, Wynn, and Schacter, 2024; Szpunar et al., 2014).

Fifth, we have attempted to dissociate the temporal aspect of episodic representations—that is, whether they refer to the past or the future —from the “mnemicity” of an event—that is, whether an event is remembered or imagined (Mahr et al., 2023; Mahr and Schacter, 2024). Temporality and mnemicity are often correlated—episodic representations of the future are always imagined, whereas episodic representations of the past are typically, but not always, remembered: We can generate counterfactual versions of how actual past events might have turned out differently (De Brigard et al., 2013) and construct entirely imagined events that might have occurred in the past (Schacter et al., 2012). Johannes Mahr led a series of cognitive experiments in which we provided evidence that despite their close relationship, temporal orientation and mnemicity can be dissociated experimentally (Mahr and Schacter, 2022). These findings, along with other empirical and theoretical considerations, led Mahr and I to argue that episodic recombination processes need to be distinguished from the mechanisms that determine the temporal orientation of episodic representations (Mahr and Schacter, 2024).

In ongoing research, we are using recently developed denoising techniques that allow participants to speak aloud in the scanner when they are remembering a past event or imagining a future event; in all of the aforementioned fMRI studies, participants remained silent during scanning in an attempt to minimize motion artifact. These denoising techniques were initially used in studies led by Adrian Gilmore (a former research assistant in my lab) and Alex Martin at National Institute of Mental Health (NIMH), in collaboration with my lab, to study autobiographical memory (e.g., Gilmore et al., 2021a, 2021b). In current work, postdoc Sarah Kalinowski is leading an extension of this work to episodic future simulation, with preliminary results revealing striking similarities between remembering past and imagining future experiences at the level of category-selective cortex for actions, objects, and locations (Kalinowski et al., 2025)—a level of detail that was not available when we were restricted to obtaining participants’ reports only after scanning had concluded.

Taken together, the foregoing studies have advanced our understanding of neural and cognitive processes that support episodic simulation and memory. But what about the key idea in the constructive episodic simulation hypothesis that flexible episodic recombination processes supporting such simulations also contribute to memory errors? Studies led by Alexis Carpenter when she was a graduate student in my lab used an associative inference paradigm to get at the issue. Associative inference refers to a process that links separate experiences that share a common element. For example, if you see an elderly man walking a poodle in your neighborhood, and the next day you see an elderly woman walking the same poodle in a different part of your neighborhood, you can infer that the man and woman are probably a married couple. We developed a paradigm to capture this kind of associative inference and found that when participants successfully made an inference linking two distinct but related episodes, they were more prone to mixing up contextual elements of those episodes than when they failed to make the appropriate inference. In this paradigm, individuals were linked to one another because each was paired with the same object in a different background setting (e.g., a man and a toy in a living room with a white couch; a boy and the same toy in a different living room with a brown couch). When asked about details of the setting in which each person appeared, participants who made the correct inference also made more context memory errors in which they mixed up elements of the two background settings (Carpenter and Schacter, 2017). Returning to the example of the elderly man and woman walking the same poodle in different parts of your neighborhood, this experimental result implies that if you correctly infer that the two people are a couple, you would be more likely to misremember seeing the man in the part of the neighborhood where you actually saw the woman (or vice versa) than if you had not made that correct inference. In a subsequent fMRI study, we found evidence that when participants made a contextual memory error following a correct associative inference, there was neural evidence for activation of the “wrong” context—for example, evidence that the pattern of brain activity associated with the “brown couch living room” was present when participants who had seen a man in a living room with a white couch incorrectly claimed that they had seen a man in a living room with a brown couch (Carpenter et al., 2021). To my mind, these studies linking associative inference, episodic recombination, and memory errors provide some of the clearest experimental evidence for what I have termed an “adaptive constructive process” (Schacter, 2012; Schacter, Guerin, and St. Jacques, 2011), which not only plays a functional role in memory and cognition but also can produce distortions as a consequence of doing its main job.

If this kind of error is a price we pay for a flexible memory system, what kinds of adaptive, future-oriented behaviors can such a system support? We have approached this question in several ways. For example, in studies led by Nathan Spreng and Kathy Gerlach, participants were scanned while they performed planning and problem-solving tasks that involved considerably more cognitive work than simply imagining a possible future experience, such as formulating a plan including specific steps to achieve a personal goal (e.g., freedom from debt). These studies revealed that the core network shows increased activity during these goal-directed tasks and, importantly, also demonstrated that its activity is coupled with executive control regions, including dorsolateral prefrontal cortex, that were previously implicated in various kinds of goal-directed cognition (Gerlach et al., 2011; Spreng et al., 2010; Spreng and Schacter, 2012). Thus, the brain regions that support episodic simulations could be enlisted in the task of generating complex plans to achieve valuable everyday outcomes. Further support for this idea came from a study of brain networks involved in building personality models in which my lab collaborated with Demis Hassabis when he was doing postdoctoral research at MIT (he is currently the chief executive officer of Google DeepMind and recipient of the 2024 Nobel Prize in Chemistry). Personality models are important for predicting future behavior, and our fMRI study used pattern classification techniques and functional connectivity analyses to implicate several core network regions, including medial prefrontal cortex, lateral temporal cortex, and posterior cingulate, in imaginative activity that supports the building of functionally useful personality models (Hassabis et al., 2014). In purely behavioral studies, Helen Jing used the ESI procedure described earlier in studies of how people deal with worrisome future events. College students, for example, worry about how to do well on exams or attain social goals. Following an ESI, students came up with more steps relevant to addressing their worrisome problems than following a control induction and also experienced reduced anxiety about that problem (Jing, Madore, and Schacter, 2016).

A parallel series of studies led by Brendan O’Connor (formerly Gaesser) provided evidence that when presented with situations of people in need (e.g., locked out of a house), episodic simulations focused on helping the individual produced an increase in participants’ subsequent prosocial intentions (i.e., their rated willingness to help the individual) compared with various control conditions (Gaesser and Schacter, 2014; Gaesser, Dodds, and Schacter, 2017). An interesting extension of this work conducted during the COVID-19 pandemic in collaboration with former postdoc Karen Campbell’s lab extended this effect to COVID-related scenarios in both young and older adults (Ryan et al., 2023). Other, related functions of episodic simulation are discussed in review and theoretical papers by Bulley and Schacter (2020); Szpunar, Spreng, and Schacter (2014); and Schacter, Benoit, and Szpunar (2017).

While research on constructive episodic simulation and related processes has occupied center stage in my lab’s research during the 2000s, we have also continued with some previous lines of investigation and initiated other new ones. Although no longer focused on priming and implicit memory as I had been during the 1980s and 1990s, a collaborative project led by Ian Dobbins and David Schnyer shifted my previous focus on perceptual factors driving priming effects to the role of response factors. In an fMRI study, participants made initial judgments about characteristics of visual objects (e.g., bigger than a shoebox?) and later made either the same response to a repeated object or a different one (e.g., smaller than a shoebox?). Repetition of an object produced expected reductions in fMRI signal in fusiform cortex but, rather unexpectedly, changing the required response eliminated this neural priming effect. The findings pointed toward a contribution of response factors to neural priming, which was sufficiently surprising that the paper describing this work found its way into Nature (Dobbins et al., 2004). Subsequent studies led by postdocs Gagan Wig and Dale Stevens explored other features of neural priming (Stevens et al., 2012; Wig, Buckner, and Schacter, 2009), but in my lab, as in the field of memory research more generally, the study of priming has been placed on the back burner, at least for now.

Research on the relation between emotion and memory has been a major focus in both cognitive and neuroscientific studies of memory for several decades. My interest in the topic was sparked initially by Kevin Ochsner when he was a graduate student in the lab, and we synthesized much of the relevant cognitive neuroscience literature in a book chapter (Ochsner and Schacter, 2000). But the empirical study of emotion and memory really took off in my lab when Elizabeth Kensinger, who had previously done research in the lab on false recognition as a Harvard undergraduate (Kensinger and Schacter, 1999), returned as a postdoc. Elizabeth spearheaded both cognitive and neuroimaging studies that revealed new information about memory accuracy, distortion, and specificity as a function of emotional valence in young and older adults. For instance, one of the intriguing fMRI findings documented by Kensinger and Schacter (2008) was a stronger association in old adults than in young adults between memory for emotionally positive information and activity in the medial prefrontal cortex, a region that numerous studies had already linked to self-referential processing. We explored the link to self-referential processing in a subsequent study led by postdoc Angela Gutchess, who had already worked on self-referencing and aging before coming to my lab. This research documented age differences in the recruitment of regions involved in self-referential processing, likely reflecting differences in the kinds of elaborative encoding processes utilized by young and older adults (Gutchess, Kensnger, and Schacter, 2010).

We managed to link up our interest in emotion and episodic simulation in a couple of different ways. Focusing on the contributions of the ventromedial prefrontal cortex (vmPFC) to episodic simulation, Roland Benoit led an fMRI investigation that provided evidence that the vmPFC contributes to the affective quality of imagined future episodes—activation in the vmPFC was greater when participants imagined more positive future scenarios (Benoit, Szpunar, and Schacter, 2014). Moreover, we adapted the repetition suppression technique discussed earlier to the study of emotional future simulations in young and older adults, an approach that revealed some interesting age differences—for example, older adults engaged regions including the temporal pole to a greater extent than younger adults when they imagined negative future events (Devitt et al., 2020). Given extensive evidence linking this region with semantic processing, this result suggested to us that older adults might attempt to downregulate negative emotion by “semanticizing” negative future simulations, consistent with much evidence showing positivity biases in older adults that sometimes extend to thinking about the future (Devitt and Schacter, 2019). We recently attempted to organize our and others’ work on emotional future simulations to highlight key empirical and theoretical issues that require further study (Schacter, Kalinowski, and Wilson, 2025).

Another line of research that is closely related to our work on the neural underpinnings of episodic simulation concerns the phenomenon of mind wandering: task-unrelated thought that is typically associated with increased activity in the default network. My initial interest in mind wandering stemmed from a study led by postdoc Karl Szpunar in which we focused on the role of intermittent quizzing during lectures on subsequent retention. The key finding was that, when students were given intermittent quizzes during a lecture, not only was subsequent retention of lecture content increased, but the incidence of mind wandering during the lecture was cut in half (Szpunar, Khan, and Schacter, 2013). That study was one of the reasons why two postdocs whose work focused on mind wandering, Paul Seli and David Maillet, joined the lab and led several empirical and theoretical projects, including explorations of the relation between mind wandering and future goals (Seli et al., 2018), the contributions of default and executive control networks to different kinds of mind wandering (Seli et al., 2016), and the role of past and future events in mind wandering (Maillet and Schacter, 2016; Maillet, Seli, and Schacter, 2017). I found it satisfying that these projects emerged from an overarching concern regarding how memory (mainly episodic) supports a variety of cognitive activities that we do not typically think of as “memory phenomena” strictly conceived.




Episodic Creativity?

Our theoretical approach to the concept of episodic simulation emphasizes the flexible recombination of elements of past experiences to address novel future situations. That conceptualization sounds a lot like the way that creativity researchers define divergent creative thinking: generating creative ideas by combining diverse types of information in novel ways. Do episodic simulation and divergent creative thinking draw on some of the same underlying processes? We found some initial correlational evidence suggesting a link between the two: When people imagined future scenarios, the amount of episodic detail that they included (i.e., details about what might happen and where) was positively correlated with their performance on the Alternate Uses Test (AUT), a standard test of divergent thinking in which people generate novel but appropriate uses of common objects, such as a brick or a coin (Addis et al., 2016). Consistent with this result, we also found that after receiving an ESI, participants generated more novel uses of objects on the AUT, compared with AUT performance following a control induction (Madore, Addis, and Schacter, 2015); a subsequent fMRI study showed that this boost was accompanied by increased activity in the hippocampus (among other regions), just as we had observed for episodic future simulation (Madore et al., 2019). Notably, the fMRI study also revealed that ESI produced increased activity during AUT performance in prefrontal regions associated with cognitive control, as well as increased connectivity between the core network and these control regions. This observation fits well with other neuroimaging studies that have consistently shown connectivity increases between default and control networks during divergent-thinking tasks—a point that we highlighted in a review led by Roger Beaty, a creativity researcher who joined my lab as a postdoc when we embarked on this line of work (Beaty et al., 2016).

Converging evidence for a link between episodic simulation and divergent thinking emerged from a combined TMS-fMRI study showing that AUT performance, just like episodic future simulation, is impaired by the application of inhibitory TMS to the angular gyrus about 5–10 minutes before task performance in the scanner (Thakral et al., 2020b). Importantly, this study exploited the fact that TMS can affect regions connected to the stimulation site as well as have direct effects on the region directly below the stimulation site. We focused on one of those connected regions (the hippocampus) and showed that following TMS to the left angular gyrus, hippocampal activity was similarly reduced during episodic future simulation and AUT tasks, but not during a control task (generating sentences). Moreover, these activity reductions were positively correlated with the observed performance reductions. Taken together, these findings indicate that future simulation and divergent thinking draw on some of the same episodic retrieval and recombination processes, which are supported by the hippocampus and other core network regions. And, in a confirmation of the idea from the constructive episodic simulation hypothesis that the same recombination processes that serve adaptive functions also contribute to memory errors, we reported that higher performance on the AUT is correlated with increased susceptibility to false recall in the DRM false memory paradigm (Thakral et al., 2021).

One of the benefits of embarking on this line of creativity-oriented research has been the opportunity to collaborate with some of the emerging leaders in the cognitive neuroscience of creativity. Roger Beaty completed a productive postdoc in my lab before moving on to a faculty position at Penn State and, through Roger, I have collaborated on several projects that also include Mathias Benedek at the University of Graz and Yoed Kenett at the Technion in Israel. Together, we wrote a theoretical paper that pulled together various strands of the literature on creativity and memory (Benedek et al., 2023) in support of what we call the “Memory in Creativity” (or MemIC) framework. The framework includes ideas about the respective roles of episodic and semantic memory, controlled or strategic and automatic or associative processes, as well as generation and evaluation phases of creative cognition. This framework has already informed the direction of research in my lab. For example, while research in my lab and others has attempted to delineate the contributions of episodic memory and simulation to the generation phase of the creative process, there is no corresponding research regarding the role of memory or simulation in the evaluation phase—that is, the stage at which the novelty and effectiveness of a creative idea is assessed.

To address the issue, Will Orwig, then a graduate student in my lab, led a project in which participants rated the novelty and effectiveness of actual AUT responses, and provided a brief verbal description of how they made this evaluation (Orwig et al., 2025). Novelty and effectiveness ratings were negatively correlated, replicating previous findings (e.g., AUT responses for “brick” that receive high novelty ratings, such as using it as chalk to draw on a sidewalk, tend to receive lower effectiveness ratings than less novel responses such as using a brick as a doorstop). Analyses of the verbal descriptions using a computational linguistic model revealed that participants referred more to the past when evaluating familiar and effective ideas, whereas they referred more to the future when they evaluated highly novel although less effective ideas. Moreover, evaluations of these more novel but less effective ideas contained more perceptual details than those of more effective ideas, suggesting that when people evaluate highly novel ideas, they may be relying on perceptually detailed episodic simulations to assess whether those ideas could actually work.

Although much research on divergent creative thinking in my lab and elsewhere has relied on the venerable AUT, we have also tried to move beyond this test. For example, when Ruben van Genugten was a graduate student in my lab, he led a study that combined the ESI procedure with a creative writing task, and provided evidence for increased episodic details in participants’ stories following ESI compared with a control induction, thus adding to the evidence for an episodic contribution to creative thought (Van Genugten et al., 2022). Given the recent emergence of interest in the relationship between the cognitive capacities of humans and artificial intelligence (AI)—for example, large language models (LLMs) such as ChatGPT—and my own interest in links between memory and technology (I provide a detailed treatment of this issue from the perspective of the seven sins in the inaugural article for the journal Memory, Mind, and Media; Schacter, 2022), we initiated a study of factors that affect creative writing by people and by ChatGPT (Orwig et al., 2024). In two experiments, humans and Chat GPT-3 (Experiment 1) or Chat GPT-4 (Experiment 2) were given three-word prompts and instructed to write a five-sentence story that included those prompts. As measures of creativity, we assessed the extent to which a story connected semantically distant ideas using an established measure of semantic diversity and also assessed the extent to which stories incorporated perceptual details linked to the sensory experiences of story characters that potentially transport a reader into the world of the story. For humans and the LLMs, increased semantic diversity and more perceptual details were both highly predictive of creativity, and we observed little overall difference in the rated creativity of the stories generated by people and by the LLMs. These findings contribute to a growing literature exploring the creative abilities of humans and LLMs, and although it is too soon to reach any firm conclusions, results to date suggest that those conclusions will depend on exactly how creativity is assessed. For example, in a study by Si, Hashimoto, and Yang (2025), computer science research proposals generated by an LLM were rated as more original than those suggested by experts. However, when researchers actually carried out the proposed studies, the LLM-generated ideas were less effective than those generated by experts. We plan to continue with studies comparing creative abilities of humans and LLMs, and we also soon hope to examine the neural underpinnings of creative thinking in the fMRI scanner, making use of the speaking-in-the-scanner protocol that I discussed earlier.




Educational Outreach

While most of my professional time and effort has focused on the empirical and theoretical research endeavors summarized in the preceding pages, I also take pride in what I think of as outreach efforts. Writing two trade books intended for a broad audience (Searching for Memory and The Seven Sins of Memory) has resulted in many interviews, lectures, and related activities focused on explaining the significance of basic science research on memory to individuals who are not themselves scientists. I think that such activities have great value, especially in the current climate in which support for basic research is under threat. A related endeavor concerns my role as an author on an introductory psychology textbook, imaginatively titled Psychology. I began work on that book in late 2000 with two close Harvard colleagues, Daniel Gilbert and Daniel Wegner, and the first edition of our “three Dans” text was finally published in 2008. A few years later, Wegner was diagnosed with ALS, and he passed away in 2013. That was a severe blow both personally and professionally, but we were fortunate to be able to add our Harvard colleague Matthew Nock to the author team, and we have marched on despite greatly missing Wegner. We recently completed our seventh edition (Schacter et al., 2027), in which we are joined by the Yale psychologist Laurie Santos, one of the world’s experts on the topic of happiness, which is the title of the chapter she added to our text. Much like writing a trade book, writing an introductory text allows one to reach an audience that is probably not spending much of their time reading articles published in scientific journals.

Another outreach activity that has been an important one for me concerns my long-standing role as associate editor of the Annual Review of Psychology. In 1999, the social psychologist Susan Fiske was appointed as the new editor of the Annual Review, and when she asked me to serve as associate editor, I enthusiastically agreed—but had no inkling that I would still be serving as associate editor in 2026. I told Susan that I would continue as associate editor as long as she continued as editor, and although we are probably approaching the conclusion of our respective terms, incredibly we have now passed our 25th anniversary. I consider working on the Annual Review as a kind of outreach activity because of the broad range of readers it serves. We are certainly proud that the Annual Review has maintained its position as the highest impact factor journal in psychology during our tenure (2025 IF = 29.4), but we are also proud that through the efforts of Richard Gallagher, president and editor-in-chief of Annual Reviews, the journal is available through open access worldwide with the use of an innovative “subscribe to open” model in which library subscriptions above a certain threshold enable the journal to remain open access (https://www.annualreviews.org/S2O). The result has been a dramatic uptick worldwide in downloads of all Annual Reviews articles during the past few years.

These kinds of efforts are related to the teaching activities in which I have engaged throughout my career: lecture courses in cognitive neuropsychology, cognitive neuroscience, and memory, as well as seminars addressing topics in memory research, including a long-running first-year seminar at Harvard titled The Seven Sins of Memory. In addition to the satisfaction that comes from interacting with talented students, my teaching responsibilities also encourage me to remain current with research topics that are relevant to whatever course I am teaching, thus expanding my scientific horizons. Coauthoring an introductory psychology text and serving as associate editor of the Annual Review of Psychology provide a similar benefit.




Conclusion

As much as I owe to students in my formal courses, my scientific debt is greatest to the many graduate students, postdocs, undergraduates, and lab managers who have been part of my research efforts since 1981. I hope that they have benefited from working with me, and I know how much I have benefited from working with them—most of the research discussed in this chapter simply would not have been done without their efforts. While I have cited publications featuring many of my lab members, of course it is difficult to include every project and every contributor. To those whose efforts are not represented in this chapter, I extend my sincerest thanks.

As we navigate 2026, my concern for the future focuses mainly on the young scientists who are about to enter, or hope someday to enter, the fields of neuroscience and psychology. I am grateful for the opportunities I have had to build a research career, including external funding from a variety of sources—the Connaught Fund and National Sciences and Engineering Research Council in Canada during much of the 1980s, and the McDonnell Foundation, National Institute on Aging, and National Institute of Mental Health among others since returning to the United States in 1987. It is widely recognized that federal support for scientific research in the United States is currently under threat, which in turn imperils the scientific prospects of young researchers. On the encouraging side, the scientific community is mounting strong resistance to the current threat. Those efforts give me hope that young researchers just entering the field will still have the opportunity to build a scientific career that extends across decades and that significantly advances our knowledge of brain and mind.
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Terrence J. Sejnowski


Early Life

I was born in Cleveland, Ohio, and spoke Polish before I learned English. My parents said I gave Polish lessons to the kids I played with on the street. I was also fast at finding pieces in jigsaw puzzles, to the amazement of my parents and their friends at their dinner parties. These two early talents later became passions: Teaching and solving scientific puzzles. My father was an engineer who designed jet engine fan blades. My mother was a born organizer who ran a pool of typists during World War II (WWII) and organized her five sons and one daughter. I was the oldest. I attribute my self-confidence to my parents’ trust in my early exploration of the world and the freedom they gave me to pursue my interests while growing up. I did not fully appreciate this then, but I now know how much I owe them.

I was the science guy in grade school. I vividly remember building a working papier-mâché volcano fueled by a mixture of homemade gunpowder and aluminum powder I had concocted in my basement chemistry lab (figure 1). It spouted an impressive, sparkling flame, and black smoke when I tested it outdoors. When I demonstrated it to my grade-school class, I failed to realize it would fill the classroom with smoke, trigger a fire alarm, and force an evacuation. This event made my reputation as the science guy.
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Fig. 1.    Terry in his basement chemistry lab around the time he demonstrated a working volcano in his classroom.

I was president of the Radio Club at Saint Joseph High School. I stayed after school every day to build electronic devices and talk with ham radio enthusiasts worldwide. Mike Stimac, the faculty adviser, had tracked the first Sputnik satellite in 1957 with “the boys,” a story picked up by the national press. We obtained a commercial radio transmitter and assembled a giant Yagi antenna on the school’s roof for Project Moonbounce (figure 2). Mike once asked me, “What is your mission in life?” This question has been at the back of my mind ever since then. Mike was also the faculty adviser of the Aviation Club, where I learned how to navigate and fly light aircraft. However, I was not old enough to qualify for a pilot’s license.

In my senior year, three of my stories appeared in The Carpenter, the high school literary magazine. One was about gravity and how it works; the second was a science fiction story about someone who experienced an inexplicable blank period in his life, which, at the end, was caused by a failure of a planet-wide computer that was simulating him; the third was a meditation by someone who was selling the house where he grew up. The first essay reflected a burgeoning interest in physics; the second story about the world as a digital simulation predated The Matrix; and the third story was a premonition of my family’s move from the inner city to the suburbs.

I matriculated at Case Institute of Technology. My diploma was from Case Western Reserve University, after Case merged with Western Reserve University next door. I fell in love with the beauty of physics and its lore. By my senior year, I was taking graduate courses. The Andrew R. Jennings Computing Center had a UNIVAC® 1107 mainframe where I spent countless hours. I learned how to program in Algol by reading discarded programs. In addition to my scientific projects, I worked part-time as a digital records manager in the registrar’s office. When the director abruptly left, I was responsible for processing all the grade transcripts.

[image: image]

Fig. 2.    Terry at the Saint Joseph High School Radio Club in 1964. Left: Tuning a receiver with the kilowatt transmitter behind him. Right: Preparing the antenna for Project Moonbounce and the swinging tower in the background.

I was intrigued by astrophysics and participated in a summer program at the National Radio Astronomy Observatory in Charlottesville, Virginia. I visited the radio telescopes in Green Bank, West Virginia, a radio-quiet valley. It was magical being in the presence of giant radio telescopes, pointed up at the stars, listening in on radio signals from distant galaxies that originated billions of years ago. I found a complete set of the Palomar Sky Survey—wide-field photographs filled with distant galaxies. I was awestruck at the vastness of the universe. I worked with Robert Hjellming on a computational astrophysics project to predict the ratios of transitions between highly excited states of hydrogen in large clouds of hot, ionized gas in interstellar space, created by the high-energy ultraviolet radiation from young, massive stars. This computational project led to several papers in the Astrophysical Journal, my first scientific publications (Hjellming, Andrews, and Sejnowski, 1969).

My most memorable adventure in college was when Mike Stimac called and asked if I could help him copilot a Cessna 210 to the West Coast. When we flew into Los Angeles, I had a few days free to visit Caltech in Pasadena, a mecca for theoretical physics. Without having an appointment, I met with Carl Anderson, chair of the Physics Department, who received a Nobel Prize for discovering the positron. He asked me whether I wanted to be an experimentalist or a theoretician. It had never occurred to me that I had to choose. I said both. He said there was someone at Caltech who did both, George Zweig, so there was an existence proof. Since then, Caltech has been alluring to me, not least because of Richard Feynman’s inspirational lectures. When I applied to graduate school, Caltech turned me down, but Princeton accepted me. After I received a prestigious four-year National Science Foundation (NSF) graduate fellowship, Caltech reached out to me. By then, however, I was on my way to Princeton.




Princeton

I took a graduate course At Case Western Reserve in general relativity from Joseph Weinberg, which made a strong impression on me and on a close friend, Jonothan Logan. Relativistic astrophysics was an exotic frontier. We later reconnected in graduate school, where he worked with Mark Kac at Rockefeller University in New York, and again when he moved to Brookhaven National Laboratory on Long Island to work with Sam Goudsmit.


Relativistic Astrophysics

At Princeton, I fell under the spell of John Wheeler, a legendary physicist who coined the term black hole. John was fascinated by explosions. One summer, he invited me to his vacation home on High Island in Maine. At dinner one day, he lit a lady-finger firecracker that landed on my pants and burned a small hole. Wheeler had worked on the atomic bomb and the hydrogen bomb. On my first day in his lab, he asked me what a black hole would look like if one were in the middle of our galaxy. I went to the computer center and simulated the orbits of stars slowly falling into a giant black hole. When a star reaches the event horizon, it is stretched and compressed, radiating enormous amounts of energy. Wheeler was encouraging and said this might explain the mysterious signals coming from quasars (quasi-stellar radio sources). If true, this would be a major discovery. Brandon Carter invited me to talk at the Department of Applied Mathematics and Theoretical Physics at Cambridge University in 1970. I was surprised by the audience’s skeptical questions about the existence of black holes. I later overheard Martin Rees, an influential astrophysicist who later became Astronomer Royal of England, not taking black holes seriously.

Wheeler encouraged me to publish my results. I asked Lyman Spitzer to read my paper. He was the chair of the Department of Astrophysical Sciences at Princeton and influential in lobbying for space telescopes (one was named after him). He pointed out that there was no experimental evidence for black holes anywhere in the universe, and he cautioned me about starting my career working on something that most likely did not exist. So I asked Freeman Dyson at the Institute for Advanced Study, who was known for his imaginative ideas, for feedback on my paper. He told me he had ideas like this every day, but explained that he did not publish all of them. So I decided not to publish mine, which was the biggest mistake of my career, because we now know black holes do exist. There is even one in the center of our galaxy. But this experience gave me confidence in my intuitions and made me distrust expert opinions about new ideas.

I switched to another problem in relativity and worked on sources for gravitational waves. Joe Weber at the University of Maryland reported simultaneous ringing in two giant aluminum cylinders separated by a thousand miles, which looked like they might be caused by passing gravitational waves. I calculated the expected signal strengths from known astrophysical sources, such as supernovae and colliding black holes. I concluded that Weber’s cylinders were a thousand times below the sensitivity of all known sources. The signals were soon revealed to be a bug in his analysis program, and I concluded it would be many decades before detectors could reach the supersensitivity needed for detection. The prospect of waiting for decades for experimental data was sobering. I contacted Kip Thorne at Caltech, a former Wheeler student working on general relativity, who thought it would take eight years and come from a supernova in the Virgo cluster of galaxies. I quoted Kip in a paper I published on possible sources (Sejnowski, 1974). Gravitational waves were finally discovered in 2015, 40 years later. I sent Kip a congratulatory e-mail reminding him of his predictions. He replied: “I was wrong about the Virgo cluster, but what’s the difference between 8 years and 40 years on a cosmic timescale?”

As a graduate student in the 1970s, I sat for a weeklong general exam at the end of my first year. Every morning and afternoon, I was tested on a different area of physics: classical mechanics, quantum, mechanics, electricity and magnetism, statistical mechanics, thermodynamics, astrophysics, nuclear physics, condensed matter physics, general relativity, and, on the final day, a defense of an experimental project, a requirement even though I was on a theory track. I obtained a highly radioactive source of positrons. When a positron annihilates with an electron, photons are emitted: most commonly, two photons, and rarely three. I measured the decay branching ratio by setting up a jerry-rigged apparatus in the attic of Palmer Physical Laboratory. I returned a month later to collect the data and calculate the branching ratio. It agreed with quantum mechanics. I thought of the experiment and carried it out independently without a faculty supervisor, much like my working volcano in grade school. In retrospect, having a highly radioactive source sitting around was problematic.




A Glimmering New Direction

I prepared for the general exam by reviewing all of physics in the attic of Joseph Henry Hall during a hot and muggy summer. For diversion, I took a summer course in French, which, along with German, counted as one of my two required languages. I also read transcripts of the Josiah Macy Jr. Conferences, a series of workshops held in the 1950s focused on cybernetics as an approach to understanding brain function (Josiah Macy Jr. Foundation, 1955). The eclectic scientists included Norbert Wiener, John von Neumann, Jerome Wiesner, Ralph Gerard, Margaret Mead, Warren McCulloch, Gregory Bateson, Heinz von Foerster, Donald MacKay, and Claude Shannon. The discussion abruptly stopped at the end of the 10th volume (1953), and I was left hanging. What was the impact, and where was the field decades later?

I was curious about brain electrical signals, so I walked into a random biology lab in Guyot Hall and asked a random person what was known about the patterns of neuronal spikes. Were they synchronous, like a clocked computer, or were they asynchronous? She did not know the answer, but told me there was a paper by David Hubel (see volume 1) and Torsten Wiesel with recordings from neurons that could answer the question. When I tracked down their 1968 discovery paper on orientation tuning in the visual cortex, I found the answer. Unlike subsequent papers that reported trial averages, they showed raw spike trains. Not only were the spikes asynchronous, but responses to the same stimulus elicited different spike patterns. On some trials, there was no response at all, just background “spontaneous activity.” I was surprised, and still am.

Hubel and Wiesel inspired my first neuroscience papers. I modeled feature-detector neurons and their dynamics using neural networks (Sejnowski, 1976a, 1976b). I was also interested in synaptic plasticity. Donald Hebb predicted the conditions under which synapses should increase their strength by coincident presynaptic and postsynaptic activity. I added conditions under which synapses should decrease their strength, anticipating future discoveries (Sejnowski, 1977a, 1977b).




Transition to Neuroscience

I have always been intrigued by brains, which have an inner complexity as mysterious as the cosmos. While working on the cosmos with John Wheeler, I sat for courses from Charlie Gross (see volume 6), a physiological psychologist who worked on the visual system of monkeys; Mark Konishi (see volume 6), a neuroethologist who worked on birdsong and sound localization in barn owls; a neuroanatomy class with Darcy Kelly (see volume 12); and a mathematical biology course with Robert May on “Life Among the Schistosomes.” I was accused of being a “scientific playboy” by my girlfriend’s parents, but how else was I to look for new scientific challenges?

One summer, I participated in recordings from the inferotemporal cortex (IT) in Charlie’s lab. He had already discovered cortical neurons in monkeys that selectively responded to faces. Bob Desimone (see volume 13) and Tom Albright, who later became valued colleagues, were recording from IT, and we were looking for neurons with other exotic responses. The chronic experiments would continue 24/7 for days. Reading the classic papers did not prepare me for the experience of listening to neurons’ spikes in response to visual stimuli. We had a box of random objects that we presented in search of the neuron’s preferred stimulus, a small set of trial objects from an infinite space of objects. Curiously, many IT neurons responded to a toilet brush with black bristles around a circular wire. At the time, Charlie, Bob, and Tom all had black beards around their faces that looked like toilet brushes. The IT was known to be involved in visual learning, and I suspected those IT cells were beard detectors.

I had taken a course in biophysics with John Hopfield. He developed an interest in neuroscience and was attending workshops of the Neuroscience Research Program (NRP) at Massachusetts Institute of Technology (MIT). The NRP also held annual meetings that brought together neuroscientists across the spectrum. John would tell me about the latest discoveries in neuroscience. He introduced me to Bruce Knight, who worked in the Hartline lab at the Rockefeller University. Bruce’s model of the neural network in the Limulus retina, based on experimental recordings, was inspiring. I eventually received a doctorate in physics under John Hopfield’s mentorship in 1978 for a thesis on “A Stochastic Model of Nonlinearly Interacting Neurons.” It had the kernel of an idea that I would return to much later in my career: a second-order tier of correlated spikes riding on top of the first-order tier for fast sensorimotor actions based on rate-coded neural activity, which was the dominant experimental paradigm (Sejnowski, 1976).

I transitioned to neuroscience by taking the Neurobiology Summer Course at the Marine Biological Laboratory at Woods Hole. This in-depth, 10-week immersion taught me a wide range of experimental techniques, including electrophysiology, neuroanatomy, biochemistry, neuropharmacology, and tissue culture. I loved every minute, recording muscle action potentials, running hot-zap gels, and looking into neurons with electron microscopy. This led to my first publication in experimental neuroscience on freeze-fracture of the ampullae of Lorenzini, ultrasensitive electroreceptors in skates and sharks (Sejnowski and Yodlowski, 1982). I was curious how neurons operating at millivolt levels could detect microvolt signals. Electroreceptors have ribbon synapses that continuously deliver vesicles to the active zone on a conveyor belt.

After finishing my doctorate, I worked for a postdoctoral year with Darcy Kelly and Alan Gelperin, who studied learning in the garden slug, Limax maximus. This led to a paper on activity mapping in single neurons in a Limax ganglion using freeze-substitution, which looked like a starry sky and appeared on the cover of Nature (Sejnowski et al., 1980). I was strongly influenced by the neuroethological approach of these researchers, who studied the neural basis of natural behaviors in a variety of species. Comparative studies of brains and behavior provide context that is not possible by focusing on restricted behaviors in only a few species that can be genetically manipulated.






Harvard Medical School

The Woods Hole course was taught by faculty from the Department of Neurobiology at Harvard Medical School led by Ed Kravitz (see volume 4). I stayed at Woods Hole for a few more weeks into the fall to finish the skate project. It was quite a surprise when Steven Kuffler, the father of modern neurobiology and chair of the Neurobiology Department at Harvard, called me at Woods Hole to ask if I was interested in working with him as a postdoctoral fellow. The summer course led to a two-year immersion at Harvard’s Neurobiology Department. I took a vow not to touch a computer, as it would distract me from learning the lore of neurobiology. Steve and I experimented daily, voltage-clamping a peptidergic synapse in bullfrog sympathetic neurons and solving a mystery in the literature about the underlying conductance changes (Kuffler and Sejnowski, 1983).

The Harvard Neurobiology Department felt like a family. Steve Kuffler was the patriarch. When he moved from Johns Hopkins in Baltimore in 1959 to found the department, he took his postdocs David Hubel, Torsten Wiesel, Dave Potter, and Ed Furshpan. Bob Bosler, Steve’s electronics technician, organized the move. Bob was an electronics specialist in the Navy and handled the logistics of the move. He also organized our annual move to Woods Hole, where he set up our rig for a summer of recording. Steve’s many friends would stop by the lab during the summer, a who’s who of neurobiology. When I later organized a series of computational neuroscience workshops in Woods Hole, Bob Bosler generously organized our workshop picnics at his home on Gansett Road. He was my closest friend at Harvard. I greatly miss him.

The labs in the Neurobiology Department had strengths in molecular, cellular, and systems neurobiology. Like a baby learning to swim by being thrown into a swimming pool, I learned by osmosis how to think like a biologist. All electrons in the universe are identical in physics, but nothing is identical in biology, a science based on diversity. Everyone attended evening meetings with labs taking turns presenting their recent research after dinner. Questions would continue late into the night. Scientific standards were high, and I learned how to give a biological talk. Lunch seminars by visiting faculty were lessons in how to critique scientific experiments.

I also kept up my interest in neural networks by following the research by Jack Cowan, David Marr, Christoph von der Malsburg, and many others. I met David Marr at a small ski workshop at Jackson Hole, and he invited me to visit him at the AI Lab at MIT. Marr was trained as a mathematician at Cambridge and published an influential paper on cerebellar learning. His stereo model with Tommy Poggio (see volume 8) was influential in shaping my early neural modeling papers (Marr and Poggio, 1976). At MIT, he focused on the visual system. Marr attracted an impressive group of students, a small island of brain researchers in a sea of computer scientists. I gave a talk to his group about my views on how the visual cortex is organized as a dynamical system. I later learned that Marr came to MIT on the recommendation of Sydney Brenner through his friend Seymour Papert, another South African. Marr’s early death from leukemia was a great loss. I once gave the Marr Lecture at Trinity College, Cambridge, and met Alan Hodgkin, who at the time was the President of the Royal Society (see volume 1). Alan recounted Lord Adrian’s advice: “Stay away from smooth muscle.” This advice was mysterious until I learned about the importance of internal signaling in the heart muscle mediated by second messengers that modulated electrical responses.

A turning point came when I attended a workshop at the University of California, San Diego (UC San Diego) in 1979, organized by Geoffrey Hinton, who had the same intuition as mine—that the only proof that any problem in artificial intelligence (AI) could be solved was that nature had already solved them. His computational perspective was a new constraint on my quest to understand brain function. My training in physics and neuroscience complemented Geoff’s in psychology and AI. Geoff at that time was a postdoctoral fellow in the Parallel Distributed Processing (PDP) group at UC San Diego, led by Jay McClelland and Dave Rumelhart. In 1986, this small group would produce a highly influential two-volume book in the burgeoning field of neural networks. Francis Crick had a chapter in the book on “Certain Aspects of the Anatomy and Physiology of the Cerebral Cortex.” My chapter was on “Open Questions about Computation in the Cerebral Cortex” (Sejnowski, 1986). This chapter was the road map for my future research directions.




Johns Hopkins

Steve Kuffler died suddenly while we were writing up our experimental results, leaving me without a mentor. Fortunately, with help from Torsten Wiesel, who had become the department chair, I landed a job in the Thomas C. Jenkins Biophysics Department at Johns Hopkins University on the Homewood campus. I could not have asked for a better department or university to begin my scientific journey. Faculty in the department were highly supportive, and I was fortunate to attract exceptional students.

Before I arrived, I received a letter from Vernon Mountcastle, welcoming me and inviting me to visit him at the Bard Laboratory at the medical school. I had read his classic papers and was stunned to receive this invitation. When I visited him, I met the other faculty in the Bard Laboratory with whom I had an immediate affinity, including Gian Poggio, Ken Johnson, and Apostolos Georgopoulos (see this volume). After my talk, Vernon invited me into his office and told me he appreciated my theoretical approaches to neuroscience, but apologized that he was already working with another theorist, Gerald Edelman. I was speechless, but felt welcomed and benefited from my association with the Bard Lab.

Setting up a lab from scratch is daunting, especially because I wanted to pursue both experimental and computational problems. I wanted to test my hypothesis that long-term depression (LTD) should be induced when presynaptic inputs were anticorrelated with postsynaptic outputs. We did indeed find evidence for LTD when presynaptic inputs were paired with delayed postsynaptic spikes, but the finding was not robust (Stanton and Sejnowski, 1989). If we had moved the pairing closer in time, we might have discovered spike-timing-dependent plasticity (STDP). We were more successful studying other forms of synaptic plasticity. I greatly enjoyed teaching and initiated a graduate course in computational biophysics. A researcher in my class, Andreas Andreou, became an early leader of neuromorphic engineering and a lifelong friend. I also enjoyed the collegiality of the faculty. I joined a faculty lunch group that included Doug Fambrough and Richard Cone. We called ourselves the “New Vitalists” and would discuss questions like “How does a cell know how big it is?”

I was at Harvard Neurobiology when David Hubel and Torsten Wiesel won their Nobel Prize in 1981. Before receiving the Nobel, David Hubel would do all-night solo experiments, and I would hear the crackling of spikes from his lab at 3 a.m. After the Nobel, he never did another experiment. The next year, I was at the Evergreen House at Johns Hopkins for the annual reception for new faculty in October. The Nobel Prizes were being announced. I told a small group my story about David Hubel and said it was a career-ending prize I would not welcome. The person standing next to me asked for my name and told me he was Steven Muller, the president of Johns Hopkins. Many years later, Geoff Hinton would win a Nobel Prize in Physics with John Hopfield for their contributions to AI. Geoff, too, stopped doing research and has a full-time assistant to buffer him from requests.

At the time, there were relatively few neuroscientists at the Homewood campus. Most were at the medical school. I had great discussions with researchers in the Psychology Department, including David Olton, who studied place fields and navigation in the hippocampus, and neuropsychologist Alfonso Caramazza, who studied the organization of language processing and object and action representation in the human cortex. We submitted a proposal to Steven Muller to start a small neuroscience institute on the Homewood campus, which would also benefit students. Our proposal crossed his desk at the same time as another from a group of cognitive scientists in the Psychology Department. Muller thought these two proposals might be combined and called a meeting at the Evergreen House of faculty and administrators across both campuses. He asked us two questions: Is it a good idea to integrate mind and brain within one institute, and is Johns Hopkins the right place? We all agreed, and Mountcastle got the ball rolling by stating he knew of substantial funding in the private sector. The Zanvyl Krieger Mind/Brain Institute (MBI) at Johns Hopkins was established in 1994.

I received several grants at the beginning of my career at Johns Hopkins. Geoff Hinton received a late-night call from someone who identified himself as Charles Smith from the Systems Development Foundation (SDF), which funded high-risk research unlikely to succeed. Geoff Hinton thought it might be a prank call, but it was legitimate, and he received major funding from them. The SDF funded my lab when Geoff thoughtfully told them my research was even less likely to succeed. I also received a Presidential Young Investigator award from the NSF for research that was likely to succeed. Neural network research is highly computation-intensive. I made rapid progress because, with these grants, my lab had more computing power than the entire Department of Computer Science at Johns Hopkins. After moving to San Diego, support was provided by Thomas McKenna, a program manager at the Office of Naval Research, who led a Computational Neuroscience Program that continues to this day.


Woods Hole Workshop on Computational Neuroscience

On my way back from the West Coast in 1985, I was snowed in at the Denver Stapleton airport. Steven Zucker, who pioneered an iterative constraint propagation approach to computer vision, was also stranded, and we commiserated over hot chocolate. We discussed ways to model the visual cortex and the need for a small workshop to discuss computational models with experimentalists. The 1986 Woods Hole Workshop on Computational Neuroscience was born from this chance meeting and has met annually with 10–15 researchers. Discussion usually began with the first slide. This workshop has lasted 40 years and has served as a crucible for hundreds of researchers to explore new ways to understand brain function. The first workshops were funded by the Sloan Foundation and later by the Office of Naval Research. We only invited researchers who were early in their career. Many later became leading researchers, including Michael Stryker, Patricia Churchland, Robert Desimone, William Newsome, John Maunsell, Christof Koch, and Rodney Brooks.






Telluride Workshop on Neuromorphic Engineering

I first met Carver Mead at a small connectionist workshop near Pittsburgh in 1984, organized by Geoff Hinton. I was impressed by his silicon retina, an ultralow-energy, lightweight alternative to traditional frame-based cameras, based on the same principles as the retina in our eyes. Carver is a visionary who realized that transistors on VLSI chips near threshold exhibited dynamics similar to those of neuronal ion channels. He wrote a seminal book in 1989 titled Analog VLSI and Neural Systems, which I found fascinating. I had a wonderful scientific opportunity to interact with colleagues at Caltech as a Fairchild Distinguished Scholar in 1992–1993 (figure 3). Carver’s lab adopted me, and I learned a lot about how analog chips are designed and communicate with each other. Christof Koch, Rodney Douglas, and I applied to the NSF to support a Neuromorphic Engineering Workshop, first held in Telluride, Colorado, in 1994 (figure 4). This workshop continues today and is the longest-running NSF-sponsored annual workshop. The Woods Hole Computational Neuroscience Workshop moved to Telluride, Colorado, in 1997.
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Fig. 3.    Carver Mead discussing neuromorphic chips during my sabbatical at Caltech in 1992.
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Fig. 4.    Participants in the first Telluride Neuromorphic Engineering Workshop in 1995. Terry is on the far left in the first row, next to Rodney Douglas and Misha Mahowald, two influential neuromorphic pioneers. Christof Koch is in the center of the last row, with Dana Ballard to his right.


Computing with Neural Networks

After the 1979 workshop at UC San Diego, Geoff Hinton and I collaborated with Dana Ballard to publish a paper in Nature in 1983 on “Parallel Visual Computation” (Ballard, Hinton, and Sejnowski, 1983). Dana was a proponent of active vision integrated with motor control rather than image analysis, which he called “dead-eye” vision. In contrast to the geometric methods used in computer vision, constraints were built into the neural network weights. We also organized small workshops on connectionist models during the summer. John Hopfield presented his new network model at a workshop at the University of Rochester. It occurred to me that if we added noise to “heat” up the Hopfield net and simulated annealing to slowly cool it down, we could find optimal solutions to vision-based constraint satisfaction problems. Geoff and I called it a Boltzmann machine after Ludwig Boltzmann, a 19th-century physicist who pioneered statistical mechanics and inspired our model.

I was at Johns Hopkins in Baltimore, and Geoff had a faculty position in Computer Science at Carnegie Mellon University in Pittsburgh. We drove back and forth on weekends. Finding a learning algorithm for multilayer neural networks was a long-standing logjam, and it was generally believed that none was possible. I remember an excited phone call from Geoff, who had an insight that led to an elegant learning algorithm for training the weights in Boltzmann machines (Ackley, Hinton, and Sejnowski, 1985). Our collaboration was magical, and I look back at it as the high point in my career. The Boltzmann learning algorithm broke the logjam. Neither of us could have done it on our own. Geoff and Dave Rumelhart also invented another learning algorithm, backpropagation of errors, which was much more computationally efficient but less elegant and less biologically plausible than the Boltzmann learning algorithm.

Geoff moved to Toronto and established a burgeoning research group focused on scaling up the Boltzmann machine. He continued on this path for 30 years toward the holy grail of AI. He eventually succeeded by sequentially training a deep Boltzmann machine, layer by layer, freezing the weights and training the next layer. The development of the visual cortex follows a similar sequential path, with the critical period of plasticity closing first in the primary visual cortex early in life. The prefrontal areas are the last to mature in early adulthood. My path was toward understanding brain function. We stayed in contact over the decades and enjoyed hearing from each other. Periodically, Geoff would call to announce, “I have discovered how the brain works.” And sometimes he was right. For example, he discovered that if you drop out half the units in each training epoch, performance improves by 10 percent, which could explain why synapses in the cortex are probabilistic, with most excitatory synapses not releasing any neurotransmitter most of the time. It also conserves energy.

With learning algorithms, we could create small network models that solved computational problems, giving us insight into how brains might solve them. The computers at the time were primitive compared with today’s, which limited us to a single layer of “hidden” units between the input and output layers. I trained neural networks to solve problems in vision, which was the best-understood part of the cortex. In the 20th century, recordings from single neurons in the visual system revealed a multilayer hierarchy in which neurons responded to simple patterns, such as lines and edges in the first cortical layer, and more complex patterns, such as faces, in higher layers.




Shape from Shading

In 1988, Sydney Lehky, my first postdoctoral fellow, and I trained a neural network model to compute the curvature of a shaded surface. We found that the hidden units had properties of simple cells, as discovered by Hubel and Wiesel in the primary visual cortex of cats, that responded best to edges and lines, despite the absence of edges and lines in the shaded images we used to train the networks. Our paper in Nature introduced the term “projective field” of a neuron—its output targets—which was as important as the input receptive field in determining the function of a hidden unit in this simple neural network. Horace Barlow once gave a talk at the Salk Institute and singled out this paper as transformative. I suspect that he reviewed it.




Text-to-Speech

Of all my neural network projects from that era, the one that had the most impact was NETtalk, a network trained to translate text to speech (Sejnowski and Rosenberg, 1987). Charles Rosenberg was a graduate student with George Miller at Princeton and visited my lab in the summer of 1986. English phonology is notoriously difficult because of many exceptions to regularities and influences from other languages. Phonologists have identified hundreds of rules, each with many exceptions and subrules among the exceptions. The network used a moving window of seven letters, a single hidden layer, and the output layer was trained to predict the phoneme of the middle letter. Remarkably, the learning process produced babbling sounds, mastered the regularities, and finally the exceptions, all of which were accommodated in a network with 200 units and 20,000 weights, tiny by today’s standards. This demonstrated that a small feedforward network could capture the complexities of phonology, a real-world problem not easily handled by handcrafted rule-based systems. In retrospect, NETtalk was a harbinger of the remarkable ability of much larger networks to perform natural language tasks, such as language translation and generative dialogue.

In 1986, Geoff Hinton and I organized the first Connectionist Models Summer School at Carnegie Mellon, which brought together a group of young, enthusiastic researchers for intensive immersion in the new neural network paradigm (figure 5). They held a skit in which they formed three lines of human processing units and simulated NETtalk, trying and failing to pronounce “Sejnowski” (the “j” is pronounced like a “y”).
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Fig. 5.    The 1986 Connectionist Models Summer School at Carnegie Mellon University. Terry is in the first row with Geoffrey Hinton to his right and Jay McClelland next to Geoff. Others include Jonathan Cohen, Stan Dehaene, Richard Durbin, Mike Mozer, Yann LeCun, Dana Ballard, Michael Jordan, and Andy Barto.




Protein Structure

Steven Kuffler’s first faculty position in the United States was at the Wilmer Eye Institute at Johns Hopkins University. I once asked him why he didn’t follow up on his classic in vivo recording of ganglion cell activity in cats. He said he had only done that experiment because he was at an eye institute and felt guilty about studying synapses. He had two good postdocs and encouraged them to follow the signal up into the brain—David Hubel and Torsten Wiesel. I was in a biophysics department and felt guilty about working on neural networks, so I asked a new graduate student to take on a challenging biophysics project.

Ning Qian had come to the United States from China with graduate-level training in physics and had never taken a biology course. When I asked him what was in the nucleus, he replied, “protons and neutrons.” His rotation project was to predict protein secondary structure. This is a complex problem for methods based on amino acid biophysical properties. The 20 amino acids are like letters in the alphabet, and secondary structures, such as alpha helix, beta sheet, and random coil, are like phonemes. Ning used a training set from the Brookhaven Protein Data Bank, which had structures determined by X-ray crystallography.

Remarkably, the performance of his neural network model was much better than the biophysical methods. The paper was published in the Journal of Molecular Biology and has been cited 1,766 times (Qian and Sejnowski, 1988). There was no explicit biophysical knowledge in the model, so the problem had to be solved by pattern recognition from known structures. This may have been the first time machine learning was applied to a biophysical problem. Extracting structural patterns from structural data would later succeed in protein folding, a much more difficult problem.




Backgammon

Games were an early focus for AI. Games interest humans, but they are much simpler than the real world. Backgammon is a race to the finish between two players, with pieces that move forward based on each roll of the dice, passing through one another on the way. Unlike chess, which is deterministic, backgammon is governed by chance: The uncertainty of every dice roll makes it harder to predict the outcome of a particular move. Gerry Tesauro and I thought this would be a good problem for neural networks. He was working with Stephen Wolfram at the Institute for Advanced Study in Princeton.

Rather than write a program based on logic and heuristics to handle all possible board positions, an impossible task given that there are 1020 possible backgammon board positions, we taught a network to play through pattern recognition from games played by humans (Tesauro and Sejnowski, 1989). The network played at an intermediate level and would sometimes make terrible moves. Gerry went to IBM Thomas J. Watson Research and created the first backgammon program that played at world-championship levels by having the backgammon network play itself and use reinforcement learning. This same architecture was used in AlphaGo to beat the world Go champion.




Lip-Reading

Most engineers at the time believed that Minsky and Papert had proven that neural networks were a dead end and would never solve any engineering problems. Engineers at Johns Hopkins reacted this way to a doctoral project by Ben Yuhas, a student in the Electrical Engineering Department. Ben was jointly mentored by an engineering faculty member, Moise Goldstein, who studied auditory systems. Ben trained a neural network to lip-read. The shape of the mouth carries information about speech sounds, and seeing faces helps those with hearing loss. Ben trained a network to predict the audio spectrum from images of speakers’ faces (Yuhas, Goldstein, and Sejnowski, 1989). His network could augment any speech recognition program in a noisy environment. When it came time for Ben to defend his thesis, the faculty objected that his claimed performance was not possible. I successfully defended Ben’s thesis. This view persisted in engineering long after the evidence against it was unequivocal.

By the time I left Johns Hopkins in 1989, the tide had turned, and neural networks were on the upswing, despite many holdouts at places like the MIT AI Lab. In the previous year, I gave 50 lectures around the world and received several job offers, including two in San Diego, which I accepted. I am now on the faculty at both the Salk Institute and UC San Diego.






San Diego

When I attended the workshop organized by Geoff Hinton in 1979 at UC San Diego, I visited Francis Crick at the Salk Institute for Biological Studies. His office had a large model brain used to teach medical students, which I later inherited. Little did I know that I would be moving to La Jolla 10 years later, in 1989, and starting the Computational Neurobiology Laboratory (CNL). My immediate neighbors were Simon LeVay and David Amaral. Richard Andersen (see volume 12) had recently moved to Caltech. Tom Albright had labs nearby that were recording from a monkey visual cortex. I inherited file cabinets from Max Cowan (see volume 4), the founding editor of the Journal of Neuroscience, filled with reviews of old papers. A few years later, Chuck Stevens moved to the Salk Institute and was down the hall. It was an exceptional privilege to have Francis Crick as a colleague.


Tea Time

CNL has a daily afternoon tea (figure 6). We had researchers with many different backgrounds and perspectives. Francis Crick came to our daily tea and often started a discussion that lasted for hours. A portrait of Crick now hangs in our tea room (figure 7). He switched from molecular genetics to neuroscience when he moved to Salk in 1976, and he pursued an interest in consciousness, a topic long neglected by biologists. He focused on visual awareness (Sejnowski, 2015). One day, when discussing brain modeling, Francis told us that making a brain model was not an end in itself. He said the true purpose of a model was to design a nonobvious killer experiment that would “give the game away.” His famous model of DNA with Jim Watson came to mind.
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Fig. 6.    Tea time at the Computational Neurobiology Laboratory at the Salk Institute in 2008. Mary Ellen Perry, my lab manager and manager of the annual Neural Information Processing Conference (NeurIPS), is sitting next to me. Tom Bartol is standing behind her. Francis Crick frequently attended tea.
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Fig. 7.    Francis Crick would attend our daily tea. This portrait of Francis now looks down from a wall in the CNL tea room.




Howard Hughes Medical Institute

Shortly after moving to La Jolla, I received generous support from the Howard Hughes Medical Institute (HHMI), enabling me to pursue new research directions for many decades. Max Cowan had become the scientific director and once made an unannounced visit on Christmas Eve. He had been the chief scientific officer at Salk, kept his house just north in Cardiff, and visited it on holidays. I happened to be reading an article in the Journal of Comparative Neurology. He once edited the journal. I was surprised when he commented that the authors were using old-fashioned methods. I loved looking at the beautiful anatomical figures, which, for me, were neuro-porn. Before connectomics, neuroanatomy was an art form.




Institute for Neural Computation

I held a joint faculty appointment at UC San Diego, where I taught courses in neurobiology and founded the Institute for Neural Computation (INC). I felt right at home in La Jolla because the PDP group had laid the groundwork at UC San Diego, and several faculty members were already working on brain modeling. Students and postdoctoral fellows joined my lab with backgrounds that ranged from biology, psychology, and bioengineering to physics, computer science, and philosophy. I had the best of both worlds: a lab in a small, high-level biological community and an institute across the street at a university with a full range of engineering, physical sciences, and biomedical departments.




Stephen Wolfram

Stephen Wolfram began exploring complexity at about the same time that I started working on neural networks in the 1980s (figure 8). He founded the Center for Complex Systems Research at the University of Illinois in Champaign, Illinois. Stephen is a deep thinker and writes cogently on a wide range of topics. He also founded Mathematica, a widely used mathematical software platform for scientists and engineers. I once told him how important our Connectionist Models Summer School was for jump-starting neural networks. Stephen inaugurated an Annual Wolfram Summer School and the 24th took place in 2026.
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Fig. 8.    A frame from Stephen Wolfram’s “The Long Story of How Neural Nets Got to Where They Are: A Conversation with Terry Sejnowski,” YouTube, February 14, 2023, www.youtube.com/watch?v=XKC-4Tosdd8.

Physics in the 20th century was built on the mathematics of differential equations; in the 21st century, complex systems in computer science instead use computational algorithms. Stephen explored cellular automata invented by John von Neumann. Like neural networks, cellular automata have simple processing units and update rules. He showed that even the simplest update rules led to automata capable of universal computation. This task demonstrates that the complexity we see in nature could have evolved from simple rules. Neural network learning algorithms can create complex networks that serve as universal function approximators, which partly explains their widespread success.




Matchmaking

I received a call from Stephen when I was at Johns Hopkins. I was scheduled to give a talk at UC San Diego, and he wanted to let me know that a friend of his would be in the audience. He also called his friend, Beatrice Golomb (figure 9), to alert her to my talk. Beatrice was a medical doctor and doctor of philosophy student working on a thesis in visual psychophysics. We met and went to a group dinner. Beatrice wanted to do her thesis on neural networks, but the Biology Department would not allow it.
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Fig. 9.    Terry and Beatrice visited Iceland with Cary and Marisela Staller in 2004

Several years later, Francis brought Beatrice to tea and told me that she wanted to do a postdoc on neural networks. I had a database of young college students’ faces and wondered whether neural networks could discriminate between male and female faces without hair and secondary sexual characteristics. Beatrice took on the project. The network was more accurate in this task than the members in my lab. When she presented SexNet at the Neural Information Processing Systems Conference in 1991, she concluded that members of my lab should spend more time at discriminating sex.

Beatrice and I became engaged. After our marriage at the Caltech Athenaeum in 1990, we went to the Beckman Auditorium for a marriage symposium, where Beatrice gave a talk (“Marriage: Theory and Practice”) in her wedding gown. Stephen spoke with conviction and pride about how he had introduced us, but when Beatrice pointed out that if he was going to take credit, he also had to take responsibility, and with responsibility comes liability, he cautiously demurred.

Francis Crick knew my future wife, Beatrice Golomb, before I moved to La Jolla and gave a blessing when we were married at the Caltech Athenaeum in 1990 (figure 10). Beatrice is now a professor of medicine at UC San Diego and an accomplished medical detective. Along the way, we met Cary Staller, a member of the SUNY Board of Trustees, who became a lifelong hiking partner and a source of insight on dealing with real-world issues.
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Fig. 10.    Francis Crick delivered this blessing at the Caltech Athenaeum, where Beatrice and I were married in 1990.




Synaptic Dynamics

Neurons may be the cellular units of brains, but synapses are the computational units. Fast sensorimotor control, cognition, and learning depend on synaptic signaling between neurons. Rapid advances in molecular biology would soon yield a comprehensive list of synaptic proteins, and biochemistry would provide insight into the dynamics of protein interactions. Tom Bartol, a research scientist in my lab, developed a computer program called MCell that uses Monte Carlo methods to integrate anatomy and biochemistry to track key molecules, including calcium and calcium-binding proteins, during synaptic activity (Coggan et al., 2005). This approach was developed by physicists to track neutrons in nuclear reactions, and we used it to model diffusion and molecular interactions in synapses.

MCell models are constrained by experimental data and validated by predictions. In the 1990s, computers could only simulate the initial steps of neurotransmitter binding to receptors and the subsequent synaptic potentials. It is now possible to model the much more complex biochemical interactions that lead to long-term synaptic plasticity. Simpler synapse models with a wide range of timescales for use in network models can be distilled from these computationally intensive models (Garcia, Bartol, and Sejnowski, 2022).

We embarked on a long-term project to model synaptic interactions at the single-molecule level in collaboration with Kristen Harris at University of Texas, Austin, a pioneer in reconstructing synapse structure at the electron microscopy level, and Mary Kennedy (see volume 11) at Caltech, who discovered important synaptic molecules and elucidated their biochemical interactions. With Mary Kennedy, we made progress in following the activation of CaMKII by phosphorylation following calcium entry through NMDA receptors, which triggers long-term potentiation (Bartol et al., 2015). Our simulations explain why large synapses are stable and the more numerous small synapses are labile. With Kristen Harris, we were the first to measure the precision of synaptic plasticity (Bartol et al., 2015).




The Computational Brain

In 1992, Patricia Churchland (see volume 13) and I published The Computational Brain with MIT Press, which shifted the focus from the traditional emphasis on the response properties of single neurons to distributed representations in large populations of neurons. Pat is a renegade philosopher who wrote an influential book on Neurophilosophy. She believed that brains and evolution might have something to do with the complex problems that philosophers ponder. It was heresy to think that how brains acquire knowledge might have something to do with epistemology. Our book was aimed at two audiences: neuroscientists who were curious about insight from neural network models and researchers with no background in neuroscience who wanted to learn more about the brain through the lens of neural network models. It is still in print 34 years later, and we have been gratified to hear from many people over the years who said it had a seminal influence on their careers. The Levels of Investigation (figure 11) first appeared in a Perspective on Cognitive Neuroscience (Churchland and Sejnowski, 1988) and was reprinted in The Computational Brain. Most labs focus on one or two of these levels. Our goal was to build bridges between all of them.
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Fig. 11.    Brains can be studied at many different levels of investigation. Most researchers focus on one or two levels. The CNL worked across all these levels, seeking computational principles that could bridge them and help us understand brain function.




Gain Fields in Parietal Cortex

Richard Anderson, then at the Salk Institute, and David Zipser at UC San Diego published an influential paper on a neural network model of neurons performing spatial coordinate transformation in the posterior parietal cortex (Zipser and Andersen, 1988). They combined visual inputs in retina coordinates with eye position and trained a network to transform them into head coordinates in the output layer. The units in the hidden layer developed gain fields like those seen in the parietal cortex: Their responses in retinal coordinates were modulated by eye position. The projections of these hidden units to the output units were in head coordinates. There were objections that the brain does not use backpropagation learning. The claim, however, was only that the observed gain fields in the parietal cortex were sufficient to perform the coordinate transformation.

Alex Pouget, a new graduate student in my lab, took this a step further and showed that the same transformation could be accomplished with hidden units that were joint basis functions of the inputs. Furthermore, he could replicate in his model a puzzling neurological finding that lesions of the right parietal cortex in humans led to neglect of the left side of the visual field, including object-centered hemineglect (Pouget and Sejnowski, 2001). The neuropsychological literature is filled with symptoms from brain injury that are difficult to explain. Lesions to neural networks with internal representations for tasks performed in a brain area could reproduce many of these symptoms (Hinton, Plaut, and Shallice, 2013).
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Fig. 12.    ICA was given small 12×12 patches of the natural image on the right and produced 144 independent components on the left that resembled the oriented simple cells found in the primary visual cortex. A small number of weighted independent components could reproduce each patch.




Independent Component Analysis

The 1990s were a golden decade for CNL. Tony Bell and I developed an unsupervised learning algorithm called independent component analysis (ICA) that could blindly separate sources from mixtures of independent signals, such as separating speech from background music (Bell and Sejnowski, 1995). Remarkably, when we trained a network on patches from natural images, the independent components resembled the response properties of oriented simple cells in the visual cortex discovered by Hubel and Wiesel (figure 12). A small number of the independent components are needed to represent a patch from the image. Bruno Olshausen and David Field generated similar features starting with a sparsity assumption. Science advances when evidence converges from many different approaches. This confirmed Horace Barlow’s conjecture that the visual cortex evolved to represent natural images efficiently.

ICA has many other uses and is now routinely used to analyze neural recordings and brain-imaging data. SoftMax, an ICA startup for noise cancellation applications founded by Te-Won Lee and Tzyy-Ping Jung, former postdoctoral fellows in my lab, was acquired by Qualcomm. Most cellphones now have ICA inside.

My successes with neural networks were based on abstractions of neurons that processed inputs with a single timescale, synapses with a single synaptic weight, and linear summation of inputs. Francis Crick once wrote in Nature that although the small neural networks we could train were far from realistic brain models, they demonstrated that it was possible to compute with brain-like networks (Crick, 1989). It is surprising what such simple processing units can compute, especially now that we have scaled them up to networks with hundreds of billions of units and trillions of weights.

I wanted to know what else could be computed with more complex synapses and dynamics. I did not have to depend entirely on other experimental labs because I had a wet lab to test models and explore brain dynamics. We also sharpened our intuition with Neuron, a computer program developed by Michael Hines and Ted Carnevale that simulated the electrophysiological properties of dendritic trees in neurons receiving synaptic inputs, based on the Hodgkin-Huxley equations for ion channels. We used these simulations to guide and interpret our experiments (Mainen, Joerges, Huguenard, and Sejnowski, 1995).




Computing with Spikes

There has been a long-lasting debate about whether the cortex uses a rate code—the average spike frequency—or depends on the timing of single spikes. Zach Mainen, a graduate student in my lab, performed in vitro experiments recording from cortical neurons and demonstrated that the timing of spikes was accurate within a few milliseconds when the same fluctuating pattern observed in in vivo recordings (called frozen noise) was injected repeatedly (Mainen and Sejnowski, 1995). We further used spike-triggered averaging to show that spikes followed strong hyperpolarization. The membrane potentials of neurons recorded in vivo rapidly fluctuate because thousands of synaptic inputs bombard them, and rapid hyperpolarization could be driven by inhibitory inputs from basket cells that contact the somas of pyramidal neurons. Analysis of in vivo recordings from thalamic neurons in response to fluctuating visual inputs, and from the medial temporal (MT) motion area in response to fluctuating moving visual stimuli, also revealed millisecond precision (Buracas, Zador, DeWeese, and Albright, 1998; Reinagel and Reid, 2001). This exquisite precision in spike initiation would be unnecessary if the cortex used only a rate code (Tiesinga, Fellous, and Sejnowski, 2008).




Traveling Waves

Long before it was possible to record from single cortical neurons, scalp recordings and cortical field potentials revealed brain oscillations. Cortical 10 Hertz (Hz) alpha rhythms from the surface of the scalp were discovered by Hans Berger in 1924. Oscillations in frequency bands from 2 to 80 Hz have been reported throughout the cortex associated with attention, memory, and sleep. Their function remains elusive. Arrays of electrodes have revealed that all of these oscillations are sparse cortical traveling waves (Muller, Chavane, Reynolds, and Sejnowski, 2018). We developed spiking-neuron models with the same cortical connectivity pattern and axonal and synaptic time delays, which exhibited sparse traveling waves (Davis, Benigno, et al., 2021).

Most systems neuroscientists have ignored traveling waves despite their ubiquity, perhaps because we do not yet know their function. As spontaneous waves pass through area MT of a marmoset, the wave’s phase modulates the responses of neurons to low-contrast stimuli near threshold, which is highly correlated with perception (Davis, Muller, et al., 2020). This reveals a link to behavior, but only near the threshold. Percepts above threshold can be attended to and modify behavior, but cognition does not change the percept itself. Although cognitive processing can influence behavior, it most often operates in parallel with sensorimotor processing (Muller, Chavane, Reynolds, and Sejnowski, 2018; Gepshtein, 2022).

STDP was discovered in the cortex in 1997 and depends on the relative timing of synaptic input and output spikes within the millisecond range, suggesting a possible role for precisely timed spikes (Markram et al., 1997). This raised the question, however, of how spike timing is controlled at the millisecond level in the cortex to meet the tight ±10 millisecond window for the relative timing of input and output spikes. The fluctuating membrane potential produces a highly irregular spike timing; however, the relative timing of spikes is strongly controlled by basket cells, each of which contacts the somas of thousands of pyramidal neurons with 10-15 synapses.

Traveling waves are ubiquitous in the cortex, but they have no known function. Waves generate highly structured spike patterns with distinct phases across the cortical surface. Unmyelinated long-range horizontal axons propagate the waves, some of which activate basket cells with inhibitory synapses on the somas of pyramidal cells, and produce suppressive, nonclassical surrounds (Allman, Miezin, and McGuinness, 1985). The waves also mix delayed information from neighboring spatial locations, creating a new spacetime code (Muller, Churchland, and Sejnowski, 2024). Waves could also stimulate a backpropagating action potential through rebound inhibition, which strongly depolarizes the dendrites and triggers STDP at dendritic synapses recently activated by the traveling wave. STDP lasting hours could support long-term working memory (Ericsson and Kintsch, 1995) on a second tier of cognitive processing (Sejnowski, 2026). A new dynamic picture of global cortical activity is emerging.




Computational Models of Sleep States

I gave a talk at a New York University meeting when 40 Hz cortical oscillations were a hot topic. Wolf Singer (see volume 9) and Charlie Gray had recently reported 40 Hz oscillations in the visual cortex of cats, which was unexpected. My talk addressed the mechanisms that generated the 40 Hz oscillations. Bill Lytton, a medically qualified postdoctoral fellow, and I simulated synaptic inputs in a detailed compartmental reconstruction of a cortical pyramidal neuron with Hodgkin-Huxley ion channels. We asked whether 40 Hz excitatory or inhibitory synaptic inputs were more effective in driving the pyramidal cell. The somas of pyramidal neurons are encrusted with inhibitory synapses from basket cells. Simulations of 40 Hz inhibitory inputs on the soma were far more effective at driving pyramidal neurons than excitatory inputs on dendrites, both because of spike rebound from inhibition and their proximity to the spike-initiating zone on the axon hillock.

I received a call from Mircea Steriade at Laval shortly after the meeting, asking if I was interested in working with him on the biophysical mechanisms underlying the generation of sleep spindles in the thalamus, which receive strong inhibitory feedback from the reticular nucleus of the thalamus. Sleep spindles are 10–14 bursts of spikes that last 1–2 seconds and support the consolidation of long-term memories in the cortex. I became fascinated by sleep and collaborated with Mircea for 15 years, during which time we published 30 joint papers. In 1993, Mircea, David McCormick, and I wrote a paper in Science on “Thalamocortical Oscillations in the Sleeping and Aroused Brain” that has been cited more than 4,600 times, and still receives 100 citations annually, more than 30 years later. Several students and postdoctoral fellows in my lab contributed to these studies, including Alain Destexhe, Maxim Bazhenov, Arthur Houweling, Maxime Bonjean, and Flavio Froelich. Alain and I wrote a monograph on “Thalamocortical Assemblies” in 2001 that integrated all the results of our biophysical modeling of sleep states; a second edition included new and unexpected discoveries (Destexhe and Sejnowski, 2023).




Sleep Spindles

In 2016, Lyle Muller, a postdoctoral fellow, and I collaborated with Sydney Cash at Massachusetts General Hospital to study large-scale recordings directly from the human cortex during sleep (Muller et al., 2016). This was possible in drug-resistant epilepsy patients who had electrode arrays implanted for several weeks to find the sites of seizure onsets. We studied sleep spindles, which are involved in consolidating long-term memories of experiences during the day. We discovered coherent phase differences across the cortex organized as global circular traveling waves. We modeled these waves with an array of coupled oscillators with delays proportional to the distances between cortical regions (Budzinski et al., 2023). The action potentials in myelinated long-distance cortical association axons travel at around 1 meter/second. As a consequence, the wave arrives at a patch of cortex around the same time as the spindle originating in the thalamus. The timing of the 10–14 Hz spindle bursts lasting 1–2 seconds could therefore trigger STDP.




Hippocampal Replay

Hippocampal neurons have place fields in an environment, and experiences are a series of place fields as a rat explores it. The same sequences are played back during sleep. In collaboration with Bruce McNaughton, Kechen Zhang in my lab devised a spike-based Bayesian reconstruction of the path directly from the spike sequences recorded during exploration (Zhang, Ginzburg, McNaughton, and Sejnowski, 1998), which was more accurate than simply spike-averaging the place fields. The hippocampus receives sequences of inputs from the cortex during the day and replays them to the cortex during slow-wave sleep, a slow process that takes weeks for memories resident in the cortex to no longer depend on the hippocampus for retrieval (Buzsáki, 2019).

Yusi Chen, a postdoc in my lab, trained a recurrent neural network to remember and play back sequences of inputs (Chen, Zhang, Cameron, and Sejnowski, 2024). The model was a predictive autoencoder that predicted the next input. The recurrent network was a model for CA3, which projects to CA1, which directly receives the next input, and subtracts it from the recurrent network’s prediction. As learning progressed, the error approached zero, as observed over many weeks when CA1 neurons were recorded in the same environment. Interpreting place fields as prediction errors is a theme that has appeared previously in the interpretation of dopamine neurons’ transient responses as reward-prediction errors. The weights in the trained network had a Mexican-hat topology, with local excitatory weights and inhibitory surrounds, similar to cortical connectivity. The dynamical patterns of activity in the recurrent network were analyzed with ICA and principal component analysis (PCA), which revealed clusters and dynamical trajectories, respectively. It is amazing what you can see inside the black box just by looking with the right analytical tools.

Similar insights were gained by modeling cortical circuits trained to perform delayed match-to-sample (Kim and Sejnowski, 2021), a gating model of the prefrontal cortex trained to perform the Wisconsin Card Sorting Task (Tsuda, Tye, Siegelmann, and Sejnowski, 2020), and a network with continuous neuromodulatory context (Tsuda et al., 2026). By constraining the architecture of the network, for example, by using separate pools of excitatory and inhibitory neurons, it was possible to compare the trained network directly with cortical recordings. Inhibitory neurons were unexpectedly important in the working memory task.




Psychosis and Interneurons

The brain is filled with oscillations at many different frequencies (Buzsáki, 2019). I was particularly intrigued by gamma oscillations in the 30–80 Hz frequency band. Abnormal gamma waves are linked to thought disorders. Schizophrenia patients have reduced amplitude gamma waves, which are associated with symptoms that include delusions and disorganized thinking. Similar symptoms appear after serial use of a party drug, Special K. After several days of raving under the influence of Special K, they present at emergency rooms with symptoms indistinguishable from a schizophrenic break. Fortunately, the symptoms go away after a few days. Special K is ketamine, an N-methyl-D-aspartate (NMDA) channel blocker and an anesthetic at high doses. At low doses, ketamine induces hallucinations and dissociative out-of-body experiences (Gil-da-Costa et al., 2013; Beck et al., 2020).

Ketamine downregulates the enzyme that synthesizes the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) in basket cells. I recruited Marga Behrens to my lab as a staff scientist to work on a mouse model of human psychosis. Marga had already traced the biochemical pathways underlying the downregulation of inhibitory feedback (Behrens and Sejnowski, 2009). Monica Jadi, a postdoctoral fellow in my lab, developed a model of cortical gamma oscillations generated by a feedback loop between pyramidal neurons and inhibitory basket cells (Jadi and Sejnowski, 2014). Reduced inhibition unbalances cortical circuits, making them hyperactive, and also reduces gamma waves, as in schizophrenia patients (Jadi, Behrens, and Sejnowski, 2016). Ketamine is effective at relieving clinical depression, perhaps by boosting reduced cortical activity to normal levels. Additional experiments are needed to confirm a causal role for reduced gamma waves in psychosis.

We wondered why it took several days for ketamine’s action to reverse. We thought it might be due to an epigenetic mechanism, such as DNA methylation, which can turn off gene transcription. We teamed up with Joe Ecker, a plant biologist at Salk who is a world expert on DNA methylation. This led to the first epigenetic sequencing of the mouse and human genome across development (Lister et al., 2013). We discovered that DNA was rapidly methylated early in development, paralleling synaptogenesis. But unlike normal CG methylation of cytosine, this methylation was non-CG, a feature otherwise found only in stem cells. This did not yield new insight into the downregulation of GABA synthesis, but it did eventually lead to a major BRAIN Initiative project on a single-cell, high-resolution epigenomic atlas of the brain.




Reward Prediction Error

Peter Dayan and Read Montague, postdoctoral fellows in my lab, developed a computational explanation for the responses of midbrain dopamine neurons. Although these neuromodulatory neurons were known to be part of the reward system, what dopamine represented was obscure. We predicted that the transient responses in dopamine neurons reflected not the reward itself but reward prediction error, and that a reinforcement learning algorithm called temporal difference learning was implemented in brains (Montague, Dayan, and Sejnowski, 1996). This paper was published after two years of resistance from reviewers. Our hypothesis was subsequently confirmed by recordings from dopamine cells in monkeys by Wolfram Schultz (see volume 12) and by functional magnetic resonance imaging in humans (Schultz, Dayan, and Montague, 1997). This theory revolutionized our understanding of how humans respond to rewards, risks, and temporal discounting in making cognitive decisions. In economics, it is often assumed that humans optimize utility, but the decisions they make through reinforcement learning are more complex. Neuroeconomics, a new field, is built on a better foundation for understanding human economic decisions.




Facial Expressions

After our success with SexNet, we collaborated with Paul Ekman at UC San Francisco, an expert on facial expressions. There are 43 facial muscles, and Paul developed the Facial Action Coding System (FACS), which FACS coders use to annotate video frames. Each emotion activates a different set of muscles, making it an objective way to identify them, including fleeting microexpressions. Coding each video frame is labor-intensive. Javier Movellan and Marni Bartlett-Stewart at the INC, which I founded in 1990, used neural networks to win a CIA facial expression “bake-off” competition with Carnegie Mellon University researchers. Their start-up, Emotient, was bought by Apple in 2016. Marni, a former graduate student, was the first to apply ICA to faces, whose independent components were parts of faces.




Distributed Control

Early network models of the vestibulo-ocular reflex, with Steve Lisberger (see volume 12), explored multiple sites of synaptic plasticity in the vestibular nucleus and the cerebellum. In a Nature paper, we showed that an alternative was a change in the time constant of vestibular inputs to the cerebellum, using a feedback loop from the vestibular nucleus to the cerebellum as a neural integrator (Lisberger and Sejnowski, 1992). Positive feedback loops are ubiquitous in brains, and dynamics depend on delays and time constants as well as synaptic strengths.

Unlike engineered systems with central control, biological control is highly distributed throughout the brain. In collaboration with John Doyle, a control theorist at Caltech, we modeled layered control, including a reflex layer in the spinal cord and a planning layer in the visual cortex (Nakahira, Liu, Sejnowski, and Doyle, 2021; Nakahira et al., 2025). In another study, feedback of motor signals to early sensory areas was used to compensate for internal time delays by predicting self-generated sensory signals (Li, Sarma, Sejnowski, and Doyle, 2023). Motor signals in the visual cortex have been observed in several labs, accounting for “spontaneous activity” previously considered noise. Control theory is giving us insights into neural signals that would otherwise be difficult to interpret.






Community Building


Helmholtz Club

In 1983, Francis Crick, V. S. Ramachandran, and Gordon Shaw founded the Helmholtz Club, a group of researchers from Southern California primarily working on vision (Aicardi, 2014). The club met monthly at UC Irvine, about an hour drive from San Diego, Caltech, UCLA, and USC. The members met for lunch, followed by two 90-minute talks, one with an invited speaker and the second with a local speaker. The session was followed by dinner. When I moved to La Jolla in 1989, I became what is called the secretary in England. I arranged the speakers, broadening the scope to include related fields such as learning and memory. Speakers were barely past their first slide when a group discussion would ensue, with interesting insight. These sessions were a master class in how to think about scientific problems. Francis would often lead the conversation, the master of the master class. One of our guest speakers told me at dinner afterwards that it was refreshing to be asked questions by researchers who really wanted to know the answers.




NeurIPS

Neural networks were a hot topic in the 1990s, and new conferences were spawned, journals were founded (including Neural Computation, which I founded at the MIT Press), and researchers in many fields of science, engineering, and mathematics made early contributions. The annual Neural Information Processing Systems (NeurIPS) Conference, founded by Ed Posner at Caltech in 1987, attracted researchers from all these areas. When Ed died in a tragic bicycle accident in 1993, I became the president of the NeurIPS Foundation that oversees the conference and continue to do so. HHMI generously supported my lab manager, who also managed the conference, and a computer systems manager, who ran the conference’s IT. We wrote scalable software for registration and scheduling that is still used today. NeurIPS grew steadily over the years, became a leading machine learning conference, and today is the leading AI conference. In 2025, NeurIPS attracted 28,000 attendees, eclipsing the annual meeting of the Society for Neuroscience. The generosity of HHMI indirectly supported the foundation of modern AI. When NeurIPS outgrew my lab, my team started a company that also manages other machine learning and computer vision conferences.




INC

Shortly after arriving in La Jolla, I founded the INC at UC San Diego, whose faculty came from a dozen departments. INC could also hire research faculty and compete for center grants. INC is still going strong after 35 years. We have a large and dynamic research community that covers all the relevant aspects of neuroscience, computer science, and mathematics. Departments, however, tend to be silos. Institutes bring together researchers in emerging research areas, and INC brought together researchers from all these departments to work on the problem of how brains compute. I was fortunate to come to a campus where the faculty was open to crossing disciplinary boundaries, especially between the brain and cognitive sciences. In 2026, the INC became part of a new School for Data Science and Computing at UC San Diego.




Science of Learning Center

One of our center grants in the INC was an NSF-sponsored 10-year exploration of the temporal dynamics of learning, a Science of Learning Center with $35 million funding. We used an unconventional approach to organize more than 100 researchers into a “Network of Networks,” with time as a crosscutting research theme. Brains exhibit activity over many timescales, from milliseconds to years. No single investigator considers all timescales, but we could as a center. By exploring neurochemical and physiological temporal dynamics at the levels of higher-level perceptual and cognitive processing, we were able to build bridges to the behavioral, linguistic, and even educational levels. These collaborative projects had a transformative impact on my career. I learned a lot by closely interacting with my colleagues, especially Gary Cottrell in computer science, Andrea Chiba in cognitive science, and Paula Tallal in neuroscience.






Crick-Jacobs Center for Theoretical andComputational Biology

Sydney Brenner introduced C. elegans, a roundworm, as a new model system in biology. The title of his 2002 Nobel Prize lecture was “Nature’s Gift to Science,” with a footnote that he was not referring to journals. Sydney was a senior fellow at the Crick-Jacobs Center for Theoretical and Computational Biology, which I direct at the Salk Institute. We had many dinners together when he visited La Jolla on his way from England to the Okinawa Institute for Science and Technology, where he was its first president (figure 13). Sydney shaped my perspective on many biological questions that went beyond brains. When Sydney’s health failed, and he could no longer travel, I would visit him in Singapore. In 2017, I was Sydney’s interlocutor on a series of dialogues that ranged over his long career. He requested an audience that was predominantly younger scientists, and one theme that ran through our discussion was that young scientists should be given greater independence earlier in their careers. Our dialogue was transcribed and published in 2018: In the Spirit of Science: Lectures by Sydney Brenner on DNA, Worms and Brains.
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Fig. 13.    Terry with Sydney Brenner in La Jolla, 2008, around the time that he gave a series of three lectures on reading the human genome at the Salk Institute, delivered without a single slide or prop. He did not need props to hold an audience spellbound. He said that no human had ever read the entire human genome, base pair by base pair; only computers had.


Learning How to Learn

In 2013, Barbara Oakley and I launched a free, wildly popular Massive Open Online Course (MOOC) titled “Learning How to Learn” (Oakley and Sejnowski, 2019) (figure 14). Barbara introduced me to the green screen, which let us project backgrounds featuring giant neurons and moving zombies. This Coursera MOOC provides students with practical advice on improving their learning skills, based on our understanding of how the brain learns. Over the past 10 years, more than 6 million enthusiastic learners ages 10 to 90 have taken the course in 200 countries. In more than 40 years of classroom teaching, I have directly influenced a few thousand students. The internet has scaled education to the benefit of millions worldwide. Scaling is an important principle in biology. Evolution has vastly increased brain size, and recent advances in AI are similarly scaling up neural network models.
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Fig. 14.    Barbara Oakley, the mastermind behind “Learning How to Learn”, the MOOC, and the book. It was the first of many MOOCs we launched together, including a series of three MOOCs for teachers.




Cognitive Neuroscience

The James S. McDonnell Foundation and the Pew Charitable Trusts had a plan to jump-start the Centers for Cognitive Neuroscience in the 1990s. This new field would bring together cognitive psychologists and systems neuroscientists. They invited a group of researchers, including Patricia Churchland and me, to advise them on higher brain function. We traveled to major universities and interviewed leading researchers for their opinions. Eventually, six McDonnell-Pew Centers for Cognitive Neuroscience were established. I became the director of a McDonnell-Pew Center comprising the Salk Institute and UC San Diego. This brought together our neuroscience and cognitive science communities. Because the PDP group had already laid the foundation for brain-like cognitive processing, we had a head start in developing neural network models to study cognition. Cognitive Neuroscience also benefited from new developments in brain imaging, and I chaired a committee that established a Center for Functional MRI at UC San Diego in 2002. When the McDonnell-Pew Center ended, I led a 20-year training program in cognitive neuroscience funded by the National Institutes of Health that supported a generation of graduate students and postdoctoral fellows. I was on the founding board of the Kavli Institute for Brain and Mind, which continued funding for innovative research.




Computational Neuroscience

In 1994, Hirsh Cohen at the Sloan Foundation began supporting five Centers for Theoretical Neuroscience. These centers jump-started the field of computational neuroscience, helped train a generation of postdoctoral fellows, and held annual center meetings. Most of the fellows were from physics, mathematics, and engineering, which helped them transition to neuroscience. After 10 years, Jerry Swartz, who founded Symbol Technologies, a pioneering barcode-scanning company, expanded the centers to 11. Jerry also funded a prize for computational and theoretical neuroscience under the Society for Neuroscience’s aegis, thereby increasing its visibility. Jerry deserves recognition for his generous support over three decades. The Sloan-Swartz Centers anchored the computational neuroscience community, including several generations of postdoctoral fellows at the Salk Institute and UC San Diego. Jerry also funded the Swartz Center for Computational Neuroscience at INC directed by Scott Makeig, which explored brain function using electroencephalogram (EEG) and pioneered mobile high-definition EEG brain imaging. The EEGLAB software package for analyzing EEG recordings was developed at INC and is actively used by 15,000 EEG labs worldwide.

As Computational Neuroscience matured, neural models helped illuminate many brain functions, such as attractor states in the hippocampus and short-term working memory in the cortex. New conferences were established based on computational brain models, including the annual Computational Neuroscience Conference (CNS) and the Computational and Systems Neuroscience (COSYNE) meetings. The pathway from physics, mathematics, and engineering to neuroscience became a highway. A new generation of highly motivated young researchers is analyzing a cornucopia of experimental data to uncover new insight into brain function.




The BRAIN Initiative

When Barack Obama was looking for a decade-long project for his Grand Challenge in Science and Technology, the Kavli Foundation proposed scaling up recordings from neurons throughout the brain. I became involved early in this process when Myung Chun, the director of science at the Kavli Foundation, assembled a team to guide the political process in the Office of Science and Technology Policy. Our proposal ultimately became the BRAIN Initiative, announced by President Obama in 2013 (figure 15). The focus was on developing innovative neurotechnology to accelerate advances in brain research, and several government agencies and foundations supported it, including NIH, NSF, and Defense Advanced Research Projects Agency (DARPA). As a member of the Advisory Committee to the NIH director on the BRAIN Initiative, I helped set the goals and milestones for computational, statistical, and theoretical brain research (BRAIN, 2025). Eve Marder (see volume 10) was a strong advocate. I also wrote a section on data sharing, which is essential for building computational models of brain circuits and systems. In the first five years of the BRAIN Initiative, most grants were awarded to teams that included an engineer, ensuring deliverable products. The progress over the past 10 years exceeded our committee’s milestones and expectations.
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Fig. 15.    Terry with President Obama at the White House shortly before the BRAIN Initiative was announced in 2013.




NeuroAI

There was little overlap between AI and neuroscience in the 20th century because AI programs used symbols, rules, and logic that did not correspond with the signals flowing in neurons and neural circuits. This all changed in the 21st century when neural network models were scaled up with deep learning and made remarkable breakthroughs on many classic problems in AI, such as object recognition in images, speech recognition, and language translation (Sejnowski, 2018). Even more surprising was a new class of generative large language models that could converse with us (Sejnowski, 2024). There is now a two-way street between neuroscience and AI.

At the same time that AI was making breakthroughs, systems neuroscience advanced, enabling simultaneous recordings from tens of thousands of neurons across a dozen brain areas. New methods have been developed to analyze these recordings, and a new conceptual framework based on the counterintuitive mathematics of high-dimensional spaces is emerging. We are beginning to understand how sensorimotor behavior is generated in neural networks by analyzing the geometry of manifolds in high-dimensional spaces. AI and neural networks share the same mathematics, accelerating progress through cross-pollination. Despite having different engineering and scientific goals, these two fields have benefited from this convergence. A new field, NeuroAI, has emerged from their overlap. These two revolutions in neuroscience and AI are advancing rapidly and leading us into a world once unimaginable. I was privileged to live through these remarkable events and contribute to both fields.






A Nobel Prize for Neural Networks

The 2024 Nobel Prize in Physics was awarded to John Hopfield and Geoffrey Hinton for their foundational research that laid the groundwork for modern AI (figure 16). I was fortunate to work with both of them. Geoff has had an enormous impact, and his scientific papers have received more than a million citations—I have had only 190,000. Geoff contributed half of his Nobel Prize to the NeurIPS Foundation to support the Sejnowski-Hinton Prize for a publication that made a significant computational contribution to understanding brain function over the past 10 years. The first award was given in 2025 to a group that showed how random feedback connections in the cortex could support backpropagation of errors (Lillicrap, Cownden, Tweed, and Akerman, 2016). This paper spurred many others who were inspired by their random alignment algorithm.
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Fig. 16.    Physics Nobel laureates Geoffrey E. Hinton and John J. Hopfield at a Nobel Prize lecture at Stockholm University, Sweden, on Sunday, December 8, 2024.




Research Horizon

I received a Pioneer Award from the NIH in 2025 to understand the neural mechanisms underlying long-term working memory, a new research direction. This is a high-risk, high-reward project that builds on my research dating back to the 1990s on spike timing (Sejnowski, 2025). In the 20th century, research was focused on fast sensorimotor tasks, but studying long-term working memory lasting hours is more difficult. As you read this article, your eyes make fast, saccadic movements across the page, taking in small groups of words in your fovea three times per second. Each saccade is a snapshot that must be integrated with previous words to build a conceptual understanding of what is being conveyed. After reading this scientific autobiography, your brain will process it in the context of experiences and thoughts stored in your long-term memory, on a timescale of hours. Remembering the past and planning the future also depends on long-term working memory (Ericsson and Kintsch, 1995).

Research in my lab continues on the possibility that traveling waves trigger STDP to support long-term working memory lasting hours (Sejnowski, 2026). My doctoral thesis on a second tier of cortical processing based on correlated spike timing may have been on the right track (Sejnowski, 1978). There may be room for both rate and spike timing codes to explain cortical activity patterns and cortical function.

Understanding the neural mechanisms underlying long-term working memory could open new research directions for studying global cognitive processing in brains. At the Salk Institute, Francis Crick focused his research on the neural correlates of consciousness (figure 7). Once we understand the neural mechanisms underlying long-term working memory, the word “consciousness” will slowly fade away like the Cheshire cat in Alice’s Adventures in Wonderland, leaving only a grin, as did the concept of “life essence” once the structure of DNA was revealed (Sejnowski, 2015). I started my career working on gravitational waves and am ending it working on brain waves—thinking about thinking (Sejnowski, 2025).




Epilogue

Neuroscience has changed enormously since I attended my first Society for Neuroscience (SfN) meeting 50 years ago in 1976. I was overwhelmed by the sheer scale of the enterprise: row after row of posters, session after session of talks, huge booths selling experimental equipment. There were very few modeling studies, and I tended to gravitate toward posters featuring Hodgkin-Huxley models. I was also drawn to systems neuroscience posters reporting intriguing properties of single neurons. The SfN meeting was like being a child in a candy shop.

At the 2025 Society for Neuroscience meeting in San Diego, I was struck by how the field has changed. Vernon Mountcastle (volume 6) once asked me what more could be learned by recording from an array of neurons that couldn’t be found by recording from one neuron at a time. We now know the answer. Large-scale recordings are revealing new insight into how different parts of the brain work together. Connectomic reconstructions of the fly brain have fueled detailed models of fly vision and navigation. The SfN meeting was even more vibrant than I remembered it.

Neuroscience is still a young discipline, but this is changing rapidly. Methods have gotten much more sophisticated, and the datasets have mushroomed. One of the advantages of being a computational neuroscientist is the opportunity to conduct broad exploration through collaborations with experimental labs, which necessarily focus on single problems. In a close collaboration, I gain more than a successful project. I benefit from the deep insight of investigators who know much more than what is in the published papers. I am grateful to all of them, although only a few were explicitly mentioned here.

We are at the beginning of a new era in neuroscience, just as physics went from every boat on its own bottom to big teams tackling big problems. In 2015, the discovery paper on gravitational waves had more than 1,000 authors, and the first three were named Abbott. The International Brain Laboratory (IBL), funded by the Simons Foundation, brought together more than 20 labs to amass recordings from 100,000 neurons across the brains of mice doing the same task (Angelaki et al., 2025). They found that information about expectations and decision-making was widely distributed throughout the brain. IBL was founded by Zachary Mainen, Michael Hausser, and Alexandre Pouget. Zach and Alex were my first two graduate students at UC San Diego, and I am proud of what they have accomplished. I have attracted remarkable graduate students and postdoctoral fellows to my lab over the decades, many of whom are now senior leaders in computational neuroscience. They have many more discoveries ahead of them.

I have been offered several attractive jobs over the years. None could compete with the entrepreneurial spirit of the neuroscience research community in La Jolla. Salk and UC San Diego were founded in 1960, and I have been here for 35 years, more than half of their institutional lifetimes. My research has been generously supported by the HHMI, NIH grants for Collaborative Research in Computational Neuroscience (CRCNS), the NSF, the Keck Foundation, and the Office of Naval Research.

I have also been fortunate to have lab managers who have kept the CNL at Salk and the INC at UC San Diego afloat over this journey. Two, in particular, deserve special thanks: Rosemary Miller, who ran the NeurIPS Conference out of my lab when I moved to La Jolla, and Mary Ellen Perry (Figure 6), who oversaw its growth into what it is today. Marilee Bateman at UC San Diego helped us launch INC, which recently celebrated its 35th anniversary. My wife, Beatrice Golomb (Figure 9), has kept me in line. When I once began a talk by saying the brain is the most complex device in the known universe, she corrected me, saying it was the body, of which the brain is only one part. She is a medical doctor and doctor of philosophy, and, as always, was right.

John Hopfield had a seminal influence on many careers. He was a distinguished condensed-matter physicist who later moved to biophysics. His course in biophysics was different from the textbooks. He had original insight into how oxygen binds to hemoglobin and how proofreading improves the accuracy of DNA transcription into RNA. John brought a physics perspective that illuminated many biological problems. I was fortunate that John took me under his wing when I transitioned to neuroscience. His model of nonlinearly interacting neurons, called the Hopfield network, profoundly influenced many physicists who followed a similar path into neuroscience.

Solomon Golomb, my father-in-law, was a mathematician and polymath who pioneered digital communications theory. With a doctorate in number theory, the purest field of pure math, he analyzed shift register sequences used in all cellphones today. He invented polyominoes, a game based on tiling the plane. He was also a biblical scholar. I relied on him for wise advice that combined uncommon sense with a deep understanding of human nature. He once told me that careers are made retrospectively. Looking back now, it all makes sense, but not at the time.
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Peter Somogyi


Prologue: Becoming A Neuroscientist—A Very Unlikely Event

I consider myself extremely lucky to be still around and have access to facilities, microscopes, and literature, and to be in the company of wonderful colleagues in the University Department of Pharmacology as well as spend time with my three children and seven grandchildren. As I look back, my life and continued presence seem very unlikely. Indeed, most of my school and university mates are no longer around. I could have passed away several times; the closest call was when as a student after a cryptic sport injury I was lying on the floor of a hospital, neglected and unconscious with mistreated sepsis, just as my wife, Klara, came to visit and saved me at 21—one undeniable advantage of marrying a charismatic schoolmate at the age of 20. Apart from luck, I was also blessed with exceptional determination, reacting to numerous adverse events in my life with the instinct that there “must be a way,” which sometimes worked and at other times did not. Growing up in poverty in Soviet Union–occupied, corrupt Hungary ruled by a Communist Party, as a people we learned how to wriggle around senseless regulations and restrictions. In terms of scientific development, I also had exceptional luck in meeting great human beings and scientists who saw something in me that was worth supporting. Exceptional teachers carried me on their shoulders from first year primary school right through postdoctoral years.

As I look back on 60 years of scientific exploration from the time when I prepared my first observational report on a multiyear homemade nestbox study of breeding birds for a national biology competition as a high school pupil to my last microscopic observation this week, I feel truly fortunate. I treasure two aspects of scientific experience: the occasional emotional thrill of the unexpected observation or insight and the stimulating company of colleagues with whom to share observations and thoughts. As a biologist and nature lover, I keep repeating “this is worth living for” whenever I experience the wonders of the natural world. I prepared to become a zoologist from childhood and explored interwoven animal communities of recognizable species. Later, unconsciously, I transferred the view of the functioning of ecosystems to the exploration of neuronal networks. I have sought to define the location of interactions among distinct cell types operating cooperatively in space and time, in what I call the chronocircuits of the brain. I maintain that explanations of normal and pathological events in the brain can only come from the rigorous definition of the neuronal circuits that underlie these events.




Family and Childhood

The lives of my parents were completely turned upside down by World War II. They lived in East Hungary bordering the Soviet Union, and as the Soviet army invaded, they lost everything, the house, the garden, the poultry, and the friendly pig. My father, Pal Somogyi, was in the Hungarian army retreating on foot toward the West in front of the Soviet army, avoiding being caught and pushed forward by the Germans until he ended up in a U.S. prisoner-of-war camp in Austria. He eventually escaped and walked back to Hungary, joining my mother at her parent’s village, Ölbő in Western Hungary. They moved to the town of Szentendre in central Hungary where two of my father’s siblings were growing vegetables on a small island in the river Danube. When they arrived with my older sister at an abandoned former servants’ farmhouse, they started life by collecting straw to sleep on. I grew up in this house, which had no running water, but we had our own well, and had an outside pit loo, some distance from the house, a most uncomfortable facility in the harsh −20 degree Celsius winter realities of the 1950s.

My father had limited schooling, but was exceptionally talented, so he had been promoted in the military of the fallen regime and could have had a promising future. In postwar Eastern Block Hungary, however, where many were jailed or hanged for little or no reason, he was afraid of being prosecuted. Therefore, he changed his identity, avoided meeting anyone from his past, and abandoned all ambition to make it in society. He lived in fear, which eventually wore him down and he became a bitter man. His spirit was broken. Nevertheless, he survived after most of his stomach was surgically removed because of an advanced ulcer, but as a result, he could eat only a little bit at a time. In addition to the farmwork of growing vegetables and flowers for market, he took a job as an unskilled laborer, sleeping little, working three shifts on alternate weeks, in a paper factory, where nobody asked about his past. He spent his working life moving heavy bales of wastepaper to and from the vaults and machines until retirement. He was incredibly strong and thin. He lived out his creativity by growing plants, experimenting with conditions and new varieties for which he traveled all over the country. He read the farming and gardening periodicals; he could have been a brilliant scientist. As the farm developed, we constructed huge glass and polyethylene tunnel greenhouses, inventing parts, making glass frames from scratch. The whole family worked day and night with our mother and three siblings under his instructions. It was relentless labor seven days a week. Twice a week on market days, my younger brother and I were woken at 4 a.m., and we pulled a wooden cart packed with produce to the market; we had to sell everything by the time school started at 8 a.m. We handled what seemed to us lots of money from the sales, which we had to hide, and after school taking the cart home, we were allowed the reward of an ice cream. Our parents worked six days a week doing shift work in factories that started at 6 a.m.

My mother, Gabriella Kotanczi finished high school and was also a very intelligent, warm-hearted person, who dedicated her life to us, the four surviving children—the first-born daughter Katalin died suddenly at home at three years old, probably of meningitis. To generate income, my mother also went to work in a factory making cement building materials such as pipes and floor tiles. She worked in a water-logged, cold hall polishing tiles, eight hours a day in extremely unhealthy conditions and eventually contracted tuberculosis, which she tried to ignore until she became critical. After hospital treatment, she was sent to a sanatorium for many months while our older sister looked after us. We learned responsibility, solidarity, and loyalty and had more duties on the farm while looking after our schooling. Our mother survived and recovered, but she could not continue in the factory floor and was given a job as an administrator of a worker’s hostel for migrant workers from other parts of the country. She coped well and was much loved by the young workers for whom she acted like a mother. She retired with distinction and continued the farm work that my work-addicted father could not abandon, even when all the children had left.

The rural environment was incredibly stimulating next to the Danube, which occasionally flooded our farm on a small island and only a stone’s-throw away. I remember picking tomatoes from a boat with my father. In the summers, my friends, my brother, and I constructed from greenhouse glass frames hideaway huts in a hillside jungle next to the farm and slept there while the weather permitted, even at school times, but we had meals in the house with the family. We fished when my younger brother and neighborhood kids were off work and proudly prepared the mostly small fish catch for frying. Even when I was in high school and started dating my future wife, Klara, I took my freshly caught fried fish to impress her and her parents. Strange to think that this behavior must have been a kind of nuptial present ritual, but of course it all felt very showy at the time. We made dugout canoes from decaying tree trunks, swam in the river, or skated on it when it froze over, and in general lived a high-risk, challenging existence that probably made us innovative. Sadly, each year some children were lost in the town to drowning.




Schooling, Matriculation, National Service, and Starting University

School was easy for me in Szentendre, as I tended to be in the top few of each class and tried to minimize the effort and time spent on homework. By the time I started first grade at age six, I could read and write as I learned it by following my older sister’s homework. I was good at reciting poems and had to perform in class and on the annual school closing award ceremonies. From the earliest I can recall, I had an insatiable interest in animals, anything that moved. We kept pigs, goats, all kinds of poultry and rabbits for eating, and several dogs and cats. The goats provided the milk, and from the age of four or five, my younger brother and I had to look after the feeding of the goats and ensuring that they did not harm the vegetables. Goats are highly intelligent, crafty animals well versed in hierarchy and human psychology. They knew exactly when we were not paying attention and were off to mischief. We had to keep the unruly ones on long chains and walk with them for grazing. In the summers, while our parents worked away in the factories, we were farmed out to my grandmother, who lived far away in a truly rural farming village without any paved road, Ölbő, and ran a self-supporting farming existence with her son next door. They kept cows and every imaginable animal, ducks, geese, guinea fowl, turkey, pigeons, and pigs, the latter as the main source of cooking fat and meat. My uncle was passionate about animals and perhaps because he had no children, he loved to explain to us their behavior, development, and personalities. If there is any genetic inclination for loving animals, then I must have shared those genes with him. He was the village tailor and kept constantly singing canaries and goldfinches in his workshop while he worked the sewing machine.

My mother and particularly my godparents noticed my interest in animals, and they bought me books from a very early age, which I treasured and kept copying out the pictures into collections of drawings. The most impressive multivolume book I got for one Christmas was by the German naturalist Alfred Edmund Brehm, his Life of Animals, a systematic treatise of the animal kingdom, which I still have. In my primary school years, I met two eccentric nature lovers, who greatly influenced my life. György Jusztusz was an ex-army officer beekeeper, who kept about 50 hives on my parents’ farm and gave us jobs to help monitoring the honey intake and ensuring that the bees had drinking troughs. He worked as a bus conductor and loved wild animals, spending some nights in the forest just watching the behavior of whatever appeared in the evening or at dawn. He knew the forest like the palm of his hand for miles and miles and recognized the individual foxes, deer, wild boar, and the various birds. He took me with him initially just for an evening walk then later as I grew to stay overnight sleeping on hunter’s platforms or on the ground. It was magical.

The other naturalist, Sandor Urban, was a biology teacher from a nearby village, who knew birds well and reported his observations to the Ornithological Institute in Budapest. He also ran a farm with lots of animals, lived with his old mother and had a large orchard of hundreds of fruit trees that he populated with homemade bird nest boxes of every variety. He introduced me to nesting behaviors and timings, and I helped him to repair and clean the boxes several times a year. We also made bird-watching walks along the Danube, and he introduced me to ornithologists at the institute. Under all these influences, I decided to become an ornithologist, and from early on, I was making my own observations and reporting. At our farm, I made nest boxes from scrap wood and even from cement water pipes, and was taking notes of species, egg-laying times, hatching and fledging successes, or the inevitable losses to predators, poisoning, and disease. At the age of thirteen, encouraged by my high school biology teacher, Roza Benedeczky, I wrote up my notes and results on breeding birds and submitted it to a national competition, achieving sixth place in the country. The award meant that I did not have to take the admission exam in biology for university courses that included biology.

The bird nest box operation expanded even further when I met the father of a high-school mate Edit Madas. Dr. Laszlo Madas was the director of a large state forestry organization, the Pilis Park Forest Company, in the area where we lived, the Danube Bend. I persuaded him to get nest boxes made for birds, which we placed with Sandor Urban and friends in colonies in the forest. By my high-school years, I was also conducting birds-of-prey surveys in these mountains with my schoolmate and future wife, Klara, Molnar, mapping and numbering nests, monitoring breeding results, and climbing to nests to put aluminum rings on the leg of the chicks for monitoring in the national survey; I kept this up also in university years. Already as a high-school pupil, I was attending some of the monthly meetings of the Zoological Society in Budapest, where great zoologists were lecturing about their collecting explorations around the world. Encouraged by scientists at the Ornithological Institute, I submitted a small result of the birds-of-prey surveys and gave a short 10-minute talk that was published as an abstract, my first scientific output with a hand-drawn map of nest sites of highly endangered species, such as the saker falcon and black kite (Somogyi, 1971).

These activities kept me in touch with ornithologists in the institute, which I visited regularly for advice and to marvel at their work. One person in particular, Egon Schmidt (1931–2023), liked me and treated me like a son, taking me out on field trips; we became friends. His main project was the distribution and feeding patterns of owls, which he used to monitor small mammalian prey distribution from the regurgitated food pellets. During my high-school years, I collected pellets for him mainly from barn owls living in church spires, which was risky business as climbing into the dirty neglected spires with often rotten stairs and ladders was challenging, and we had to be ingenious to get up into the bell towers. Most priests have never been up in the spires and never realized what risks we took; we needed all the diplomatic skills and good-looking certificates of authorization to gain entry. Again, luck was on my side: We had no serious accidents. I learned to identify small mammals such as different species of mice, voles, and shrews as well as small birds based on the skulls and teeth patterns and helped Egon in his work. This assistance resulted in my first scientific authorship on a full paper (Schmidt et al., 1970) reporting small mammal distribution in the Danube Bend, written in German by Egon.

High-school graduation and a successful university entry exam was followed by my one year of brutal national military service, far away from home and from Klara, who enrolled in a course of medical laboratory technician training in Budapest. We were rarely allowed home from the army, and Klara could visit only twice during the year. The entire purpose of the army service was subordination and patriotic indoctrination against Western imperialists, who were allegedly plotting to occupy us and defeat our “benevolent” protector, the Soviet Union. We were trained in an army base specially set up for future university graduates who were supposed to become reserve officers, which eventually I managed to avoid. We were constantly humiliated and threatened that we would not be allowed to start university if we did not obey the many senseless orders. I suppose the way of all armies is to instill blind obedience to some degree, but such training did not go well with my personality, and I suffered a lot.

Eventually, the year passed, and I could return home, back to farm duties in Szentendre. I was determined to leave my family and managed to get a bed in the student dormitory of Loránd Eötvös University in Budapest, along with seven other students in a room furnished with four bunkbeds. It was a riotous community, a Mongolian, a Bulgarian, a Russian, a Ugandan, and us four Hungarians, all in different courses, which was enriching. One of the Hungarians was Jozsef Somogyi (no relation), who became a lifelong friend and later colleague at Budapest and Oxford. The room was not conducive to studying, or anything other than socializing, there was very little privacy, and several girlfriends would stay for the night, which was against the rules, but not strictly enforced. There were a few crowded study rooms, and those interested in studying were using every corner of the building, even the communal bathrooms. Lifelong friendships and intimate relationships formed, and we found Budapest an exciting place.

In socialist/communist Hungary, education was a high priority, and the state provided a means of existence for high-achieving students with disadvantaged backgrounds. I was accepted for a small scholarship and received free accommodation in the dormitory and three meals a day. In addition, visiting my parents at weekends and helping on the farm, I came back loaded with food for the week. For any luxuries, such as the odd book, a movie, or camping gear, I did odd jobs, the most memorable being as a crew member on a dustbin lorry at nights in a harsh winter when the usual crews left for the more lucrative snow-clearing jobs. Some of the crew members were hardened criminals exploiting us students, but it paid well and did not last long, and we did not think about risks. Now the memories feel romantic.

Notably, my zoology professor, Janos Balogh, encouraged me to orient toward insects, as he was a world expert on soil mites, which he collected all over the tropics of the world, bringing hundreds of thousands of invertebrates preserved in alcohol and kept in jars. As a first-year student, I spent my weekends and summer selecting the raw collections into groups of animals and the ones of interest to Professor Balogh even into insect families. These jars contained large numbers of species unknown to science, and the diversity, forms, and colors of the tropical creatures were just amazing. I made several enthusiastic attempts to specialize in some groups, also following the examples of more senior students, but eventually I gave up my childhood dream to become a zoologist. The decisive factor could have been that I lacked confidence that I could become a great zoologist on my own without an outstanding teacher to work with, and none of those I met provided the inspiration I craved. In retrospect, I probably underestimated the power of individual initiative and originality while overestimating the need for the guidance of a supervisor.




Marriage and a Most Unlikely Life-Changing Event: Student Internship in Oxford

I met my future wife, Klara Molnar, in high school. We were in the same class from the age of 15, but only truly discovered each other when we turned 17 after a school trip to Budapest. Soon enough, we fell in passionate love, so much so that one of my teachers warned me not to risk my promising studies and potential university future for some transient passion.

As a medical technician trainee in Budapest, Klara could not afford renting a room. However, a kind elderly couple allowed her to use a bed in their flat; she could not stay there during the day. So, our relationship flourished mostly around the university, and we went to the countryside in the weekends with a tent, where we surveyed nesting birds, as I intended to become a zoologist. At the end of my first university year in 1970, we decided to get married without any material basis for family life. We prepared for a traveling honeymoon and with two friends went to a registry office, got the papers signed, had a meal with them, and with our rucksacks embarked on a month of hitchhiking to Poland. The first afternoon, we did not get far; it was terribly hard to find a suitable hitchhiking spot out of sprawling Budapest, so by the evening, we had to bite the bullet and go by train to my sister’s house in North Hungary that was in the direction of Poland. She was not amused when we turned up with rucksacks, and although our parents knew that we went traveling, we did not tell them about the marriage, as we thought marrying would not make sense to them, when four more years of studies awaited me without any income. We hitchhiked around Poland easily, warmly supported by the hospitality of the Polish people and made it from the Carpathian Mountains in the south to the Baltic Sea in the north, our first experience of both high mountains and the sea.

By accident, we stumbled on a bird migration monitoring camp with huge walls of mist nets and scientists trapping and banding birds migrating along the Baltic coast, a program called Actio Baltica highly developed in Poland. We stayed with them for a week; it was exciting to learn both the recording system of measurements and the identification of species, ages, physical conditions, and energy status of individual birds. We took lots of photographs, and soon after I gave an account of our Polish experience back in Hungary, my friends established Actio Hungarica supported by Polish ornithologists. In subsequent years, driven by wanderlust in our early 20s, we worked hard and saved as much as we could for a summer escape on hitchhiking tours in naturally exotic places and meeting wonderful people in Mongolia, Romania, Bulgaria, Finland, Turkey, and Egypt. In Mongolia, hitchhiking on the steps for lorries transporting goods on dirt tracks, Klara and I also collected flies for a student friend, Dr. Laszlo Papp, who already specialized as a zoologist and was an expert on flies developing in animal dung. There was no shortage of that in a country with a hundred or more grazers for each human resident. We collected more than a hundred thousand flies, mostly small ones, killed them with cyanide and returned them in glass vials; Laszlo identified 43 species and 9 genera new to science, naming one after Klara (Nimosina clarae) and one after me (Norrbomia somogyii, now renamed, Copromyza somogyii).

In my second undergraduate year, I had a crisis of scientific direction and went to see my high-school biology teacher for advice, who introduced me to her husband, Dr. Istvan Benedeczky (1931–2020), a cell biologist at the Department of Pathology, Semmelweis Medical School in Budapest. Istvan invited me to see his work. He was an expert electron microscopist and had just come back from Oxford where he spent a research year as a Wellcome Trust visiting Fellow at the Department of Pharmacology. There he worked on exocytosis from adrenal chromaffin cells with David Smith, a young lecturer, who became his friend. I was captivated by the fine structural detail of cells and subcellular organelles and accepted his invitation to study in his lab in my spare time at university, which turned out to be most of the time. Soon I could carry out perfusion fixation of rodents, prepare specimens for electron microscopy (EM), cut sections, and take the images with all the accompanying darkroom work of developing negatives and printing.

Istvan was a warm-hearted and very cultured person who enjoyed and knew about classical music, literature, poetry, and our history; he became a father figure with whom I could share all aspects of my life. We remained lifelong friends until his passing during the Covid-19 epidemic. My project was to capture in EM images the effects of insulin treatment on chromaffin cell secretion, which we studied in golden hamsters and rats. For reasons that are not clear to this day, it was very easy to see secretory granule exocytosis in hamsters (Benedeczky and Somogyi, 1975), but not in rats, even when the extruded dense core of the chromaffin granule was recognizable in the extracellular space in rats. I achieved no breakthrough in this project, but the technical difficulties of producing good fixation was excellent training. Later on, it was extremely rewarding for me that after his retirement, I could host Istvan with his wife, Roza, who was my high-school biology teacher, as a visiting scientist in Oxford in 1993. We completed a project on the identification of a calcium-storing compartment in the axon initial segments of cortical pyramidal cells, the cisternal organelle, associated with axo-axonic GABAergic synapses (Benedeczky et al., 1994).

To be able to achieve this, two decades earlier while still an undergraduate, I had to get to Oxford from Hungary, which was behind the Iron Curtain. For a student to study in the West was unheard of in 1972 when I applied for an exit permit. Istvan told me that as I had learned everything that he could teach me, he recommended me to David Smith for further research training. David duly sent an invitation letter covering travel and subsistence on a small scholarship from the J. H. Burn Trust. Formally, in the fifth year of my biology course at Loránd Eötvös University, we were supposed to do mostly a research project with few seminars until the final exams. I put together an application asking permission to do my project in Oxford, and the dean was sympathetic as I was known to be a top student. However, he warned me that there is simply no mechanism to process my application, and the Ministry of Education could not even accept it from the university for evaluation. The Cold War was still on in 1972. Frustrated, I was becoming an agitated caged beast, complaining to everybody about the denial of such an opportunity including a friend from high school whom I accidentally met on the street in Budapest. She told her father, Dr. Laszlo Madas, about my plight, who was the director of Pilis Park Forest Company for whom I did the bird nest box projects, and therefore he knew me personally. Members of the upper echelons of the Hungarian Socialist Worker’s Party who ruled the country often hunted for deer and wild boar in the forest, and Laszlo had to accompany them. As it happened, in a few days after he learned about my plight, the Minister for Education arrived for a hunt and Laszlo teased him of why they would not let me go to Oxford, as he knew how brilliant I was supposed to be. To his credit, the minister got a message the next day to the university to submit my application, which was processed with high priority, including the application for a passport and a single permit to leave. As I was married, I insisted that the application for passport and leave was also processed for Klara.

The scholarship started in September, and I got my permit in mid-September, so I left, hoping that Klara’s would follow. Her application was rejected after I left, a formality to reduce the chances of emigration. We were not especially valuable, but if we had emigrated illegally the officer granting the permit would have faced investigation. Klara was pregnant with our first child, and the separation was a great emotional burden. When she stopped working, she moved back to her parents and gave birth to our son, Balazs, while I was in Oxford; I could not return to Hungary and continue in Oxford later, as only one exit permit was allowed; it was a difficult decision. She kept applying for an exit visa again and again and eventually was allowed to join me for the last month in Oxford, but our son had to stay behind with the grandparents. Such were the paranoid controls of the system. I met our son at six months, when we returned, but still had no place to live as a family.

In 1973, back when I was preparing for the possible visit to Oxford and while I was waiting for the exit permit, David and Istvan agreed on a research project that involved the electron microscopic localization of acetylcholinesterase (AChE) in chromaffin cells of the adrenal medulla. Previously, David discovered with Ian Chubb, then his doctoral student, that depolarizing ex vivo superfused ox adrenal glands with potassium, or upon stimulating them with ACh receptor agonists, a soluble AChE isoenzyme appeared in the perfusate, along with adrenalin and noradrenalin stored in the chromaffin secretory granules. A secreted AChE was most surprising, as AChE was supposed to be a membrane protein. Could AChE be also present in the chromaffin granules? The answer needed high-resolution subcellular localization of AChE. In the absence of antibodies, the enzyme could be localized at high resolution by its hydrolytic activity, which survived tissue fixation. As it happened, the world’s top EM AChE histochemist was a Hungarian scientist, Professor Peter Kasa, at the University of Szeged, a town 200 km from Budapest. Dr. Kasa agreed to receive me for training, while carrying on with my studies. I commuted to Szeged sometimes by costly and slow trains, but mostly by taking the much faster but riskier route of hitchhiking. Professor Kasa was an inspiring teacher and allowed me to carry on in his lab even when he was not present. To progress as fast as possible, I carried specimens and reagents in vials back to Istvan’s lab, even continuing with dehydration for embedding on the road. By the time I arrived at Oxford, I could localize AChE at motor endplates in the muscles and in the adrenal glands of rodents.

As I arrived at Oxford, I was determined to make a good impression on David Smith and Ian Chubb, but my English was so poor that they struggled to understand me. I enrolled in English evening classes and a kind teacher, Mary Blaschko, the wife of Dr. Hugh Blaschko who was originally a refugee from nazi Germany and was also David Smith’s doctoral supervisor at the department, helped me to improve my communication. Mary and Hugh became lifelong friends. The project was exciting; with Ian we drove to the slaughterhouse to collect ox adrenals, which were removed for us, still warm, as soon as the animal was killed. Ian had to cool his ox adrenal glands for perfusion in the lab, whereas I had to cut mine into minute pieces for immediate immersion fixation for EM while preserving enzyme activity. We achieved spectacular fine structural preservation, and I could conclude that the chromaffin granules did not contain AChE enzyme activity. However, there was plenty of it along the plasma membranes inside the rough endoplasmic reticulum, the Golgi apparatus, and most significantly in smooth surfaced tubules and vesicles along the plasma membrane, which we suggested were the source of secreted AChE upon depolarization of the cell. By about eight months after arrival, with the wonderful support of David and Ian, I was writing a manuscript, which, along with two papers by Ian and David, was published in the Proceedings of the Royal Society (Chubb and Smith, 1975; Somogyi et al., 1975), my first paper of many with David Smith. In 2025, we celebrated the 50th anniversary of our first publication (see the section “The David Smith Lectures in Anatomical Neuropharmacology at Oxford”).

I continued to work with Ian on the EM of AChE in sympathetic ganglia and had a go at biochemical assays of AChE and Western blotting but had to realize that I was not accurate enough to match Ian’s standards in biochemistry. The year of 1973–1974 was a turbulent time in British politics, with the great miner’s strike, protests, police brutality, students occupying the university’s administrative buildings, more protests, and general chaos that eventually led to the fall of the Heath government. Coming from stagnating, authoritarian Hungary, I found it all most refreshing. I also took the opportunity to work well-paid night shifts in a printing factory, as electricity rationing to industry created night-shift work, but little appetite for such jobs from locals. The 11 months passed quickly, I managed to complete the first manuscript, and when Klara arrived for the last month, we again set off on a hitchhiking tour with a tent and rucksacks from Oxford to the northern coast of Scotland and back, developing a better understanding of the country, the people, and the weather.

Returning to Hungary, first I had to complete my university degree. I missed the time of final exams and graduation, and this resulted in further dormitory life, but as a student in my final year, I got a room with only one other student. I graduated in biology in 1975 with a degree equivalent to a master’s degree in science with distinction. The experimental data and papers from Oxford provided the results for submitting a thesis for a university doctoral degree in cell biology, which I obtained in 1977 from Loránd Eötvös University. A parallel major challenge and responsibility was to progress with building our unfinished little house, which we had started with Klara’s father in the village of Leanyfalu in 1971, next to his house. He was a roof maker and knew every aspect of simple house building and could also connect to plumbers and electricians for jobs we could not do ourselves. Klara’s father was a Hungarian Sekler immigrant from Transylvania, which is now part of Romania, a small man with unmatched energy, physical and mental strength, and determination. Starting with nothing, working day and night, he built their own house, bought orchard land from income from multiple jobs, and gave each of his four children a plot next door to build on. I started digging the foundations by pickaxe and shovel after we told our parents that we had married earlier. Our friends and mates came to help together with family members. We slowly laid the foundations and hired bricklayers for the more skilled jobs. By the time I got my permit to leave for Oxford, the walls were up. Klara’s father put the roof on in late 1973 to protect it from winter rains and frost. It remained there with bare walls to greet us when we returned from Oxford in 1974.




From Simple Beginnings, the Power of Serial Section EM

After graduation in early 1975, I wanted to work in the world-renowned First Department of Anatomy of Semmelweis University Medical School, where Professor Janos Szentagothai was professor and head. Professor Szentagothai was an exceptionally inspirational charismatic scientist, who unusually in the 1960s was allowed to travel abroad and receive not only Eastern but also Western visitors; he lectured in English, French, and German, the latter being his native language (Gulyas and Somogyi, 2013). I knew him personally from my undergraduate years, as I invited him to our student science club for a seminar and attended some of his anatomy lectures. In addition to a comprehensive vision of the functioning of the human body and mind, he was also a talented landscape painter, and he designed and painted his anatomical illustrations with great imagination. His atlas with Professor Ferenc Kiss of the human body appeared in many languages. But there was a problem; there was no vacancy for a fresh graduate even with a year of research in Oxford behind him, and thus I was told to wait until someone left, but—understandably, nobody in their right mind would want to do that.

So, I was waiting while working as an unskilled laborer on building sites with my father-in-law and taking any odd job, such as digging holes for trees in people’s gardens. We already had a son, and Klara was at home with him receiving only a small maternity stipend. As we did not yet have family accommodation of our own, Klara stayed with her parents, and I stayed wherever I could, while also working on our half-finished little house under the supervision of Klara’s father. Indeed, it was a family venture, both of our families helped when they could. This went on for about six months after graduation and was wearing me down with fear that I would never be a scientist.

Finally, in October 1975, I got my first paid employment as a junior research assistant in the Hungarian Academy of Sciences research group of the First Department of Anatomy at Semmelweis University Medical School in Budapest. In the few years I spent there, I had the good fortune of meeting some of the inspiring great figures of 20th-century neuroscience, such as Sir John Eccles, Rodolfo Llinas (see volume 5), Sanford Palay, and Constantino Sotelo, just to name a few. I was commuting from the countryside where we lived, which took 3.5 hours each day, unless I got a lift hitchhiking by the road to Budapest. About two-thirds of the days when I tried to hitchhike, I was successful, and, out of nostalgia, I still maintain the habit whenever I am in Leanyfalu traveling to Budapest until a scheduled bus arrived. Even now, about fifty percent of the time I get a lift and meet interesting people and learn about their diverse views and lives; my latest lift was in 2025. It amuses me when they ask what I do and why I ask for a lift and I tell them that I am a brain scientist and just going to the Academy of Sciences or the university to meet colleagues.

For my first assignment of a scientific project, I was placed in the group of Dr. Jozsef Hamori, who was a pupil and close associate of Professor Szentagothai, running the EM laboratory and assisting Professor Szentagothai’s research. He was a very experienced electron microscopist and was interested in neuronal development. I learned from him to recognize the different cell types, subtle structures, and different synapses. But it turned out that our personalities were largely incompatible and, despite his talent for detail, I could get no inspiration from him. Although I tried my best to fit in, our daily life was increasingly fraught, and the stress may have contributed to my duodenum ulcer. Nevertheless, I accepted the first task that he and Professor Szentagothai were keen to bring to conclusion but eluded all previous attempts. How many basket cells converge onto a single Purkinje cell in the cerebellar cortex? They thought that through serial EM sectioning it should be just a matter of perseverance to follow all axons arriving to a Purkinje cell back to their parent basket cell bodies. This would have required the three-dimensional reconstruction of at least 1 mm3 of cerebellar cortex from tens of thousands of 70 nm thick epoxy resin sections, for which neither the technology nor the computing power existed. Even though I could cut serial sections, pick them up and photograph a few serially, I soon realized that the task could not be accomplished—only very recently have technologies been developed by large consortia and institutions to approach this scale of EM reconstruction (e.g., the Allen Institute for Brain Research).

I laid out my arguments for the impossibility of the project in an open meeting of the department, which generated a stunning silence, as in a highly conservative hierarchical department open criticism of the professors was unusual. However, I also prepared an alternative proposal, to serially reconstruct the axon initial segment of Purkinje cells and test how many basket cell collaterals forming the unique structure of the pinceau, a highly branched brush-like termination of axon collaterals, were making synaptic junctions, which was controversial at the time. This required only a few hundred serial EM sections, and although the collaterals could not be traced back to the parent basket cells, I determined that the average number of synapses was 2.9 in the rat and 3.5 in the cat on the axon initial segment; most of the dozens of basket cell axon collaterals surrounding it never reached its membrane (Somogyi and Hamori, 1976). Decades later, the pinceau was shown to be a nonsynaptic electrical field inhibitory device, unique in the brain. At the time, the huge effort of day-and-night serial sectioning and photographing, developing the negatives, and printing them appeared to be a colossal waste of time, but a collateral reward was that I learned to recognize the axon initial segment from its fine structural characteristics even in my dreams.




Discovery of the Axo-Axonic Synaptic Termination of the GABAergic Chandelier Cell

When I arrived at Professor Szentagothai’s department, he had just received copies of an all-embracing review, which he wrote with Michael Arbib, “Conceptual Models of Neural Organisation” (Szentagothai and Arbib, 1974), in which they attempted to provide a summary of the principles of mammalian brain organization, from synapses through neuron types to the principles of computations that the circuits executed. This attempt was well ahead of its time, and it foreshadowed the need for a multidisciplinary analysis of complex networks. The strength of the chapter was the anatomical detail of the circuits, summarizing decades of Professor Szentagothai’s work, which I found captivating, and I decided this was what I wanted to do with my life, tracing neuronal circuit organization from synapse to synapse. There were obvious weaknesses in the actual data that were available by the late 1970s in most anatomical studies. A key problem was that the analyses were done separately on two scales: the light microscopic examination and identification of cell types by Golgi impregnation on the one hand, and the electron microscopic detail of the origin and location of synapses on the other. Correspondence was indirectly inferred from separate observations. Intracellular labeling of single neurons or axons following electrophysiological recording was very rare and difficult in mammals. Some scientists recognized the need to study the synapses of the neurons visualized by Golgi impregnation following electron microscopic sectioning (Blackstad, 1965), but this was technically challenging and not attempted in our department. I decided to have a go at it in the hope that if I could impress Professor Szentagothai, I might become an independent scientist working on the cerebral cortex rather than on the cerebellum. The technique that I attempted involved producing Golgi-impregnated tissue suitable for EM, which required osmium tetroxide treatment and epoxy resin embedding of sections onto glass slides for light microscopic selection, followed by removing tiny (∼1 mm2) areas from the large sections and reembedding them into epoxy cylinders for EM sectioning. The Golgi impregnation produced Ag2CrO4 crystals in the cells, which are slightly water soluble, so the sections needed to be cut and floated on dilute Ag2CrO4 solution without contaminating them. Eventually, after a lot of suffering and long nights and weekends at the bench, as I had to keep the project secret in case it was stopped, I managed to overcome the difficulties and could obtain EM images of even single axonal boutons and dendritic spines that I had first preselected in the light microscope (Somogyi, 1978).

In the review by Szentagothai and Arbib (1974), there was a previously unpublished observation on a cortical neuron in the cat visual cortex, the chandelier cell, named by Szentagothai based on the shape of the axon. The main axon branched profusely and gave radially (from pia to white matter) oriented terminal segments of rows of boutons like the candlesticks on a chandelier. From his separate EM examination of pyramidal cells with Jozsef Hamori, Professor Szentagothai predicted that each terminal segment innervated the apical dendrite of a pyramidal cell, which was full of so-called “inhibitory and symmetrical” synapses of unproven origin. To test directly if the chandelier bouton rows formed synapses on apical dendrites, I Golgi impregnated blocks of rat visual cortex and luckily recognized the axon clouds of the chandelier cells, which according to the departmental dogma did not exist in rodents. In the darkness of the EM room, my first successful EM viewing of the impregnated axons remains one of those very intense emotional thrills that I have experienced only rarely of the unexpected insight in science. Instead of synapsing on apical dendrites, the terminal segments followed axon initial segments, which I recognized immediately based on my previous project on Purkinje cells. The electron dense membrane undercoating is the signature feature and defining criterion of the axon initial segment, which is now understood to result from the ankyrin G anchor of voltage-gated sodium channels. The specimens were not optimal, the Ag2CrO4 crystal did not cut well and often spread out of the bouton membrane, and it needed great luck and the tilting of the EM grid in the microscope to identify the synaptic gap in the junctions, but eventually I succeeded. Even without the synapses, it was clear that each presynaptic axo-axonic terminal segment wrapped around an axon initial segment, which I proved to originate from pyramidal cells.

After printing the images, I showed them to Professor Szentagothai, who immediately grasped the potential significance of the discovery, and we discussed that whatever the axo-axonal synapses did, they did it simultaneously on large populations of pyramidal cell action potential generation. But he could not accept that chandelier cells were not innervating apical dendrites and suggested that the interneuron that I identified in the rat was a different cell type. In his view, the axo-axonic terminal segments that I studied were much simpler rows of varicosities than the complex three-dimensional tubes of boutons of his chandelier cells in the cat. He suggested the name of “axo-axonal interneuron” and encouraged me to write it up immediately, which I did adding his name as an author to the handwritten manuscript with illustrations. Professor Szentagothai corrected and rewrote parts of the short paper, also in longhand, and took his name off as an author, telling me that “this is your discovery, I am happy that it happened here,” and my second paper on the central nervous system appeared as a single-author short communication (Somogyi, 1977), but not without an initial rejection and long arguments with referees and the editor who did not believe the unexpected result.

Selective synaptic termination of a cortical interneuron on the axon initial segment meant that all the numerous other interneuron types were likely to be selective for targets to some degree, which I continued to explore for the next 50 years. I renamed the axo-axonal interneuron as the “axo-axonic cell” (Somogyi et al., 1979), a term that is used less frequently, possibly because the “chandelier cell” name sounds more romantic. Having proved the exclusive axon initial segment innervation also in cat and monkey (Somogyi et al., 1982a), after a few years, Professor Szentagothai also accepted that the axo-axonic interneuron and his chandelier cell were the same cell type. With my graduate student Tamas Freund, we proved directly by combined Golgi impregnation and EM immunocytochemistry that the boutons contain glutamate decarboxylase (Freund et al., 1983), the enzyme synthesizing GABA, and we later demonstrated GABA in the cell bodies (Somogyi et al., 1985) in cat hippocampus. With David Smith and others, we demonstrated highly developed pyramidal cell axon innervation in the monkey hippocampus CA1 area (Somogyi et al., 1983a; figure 1), with up to 30 synapses from one axo-axonic cell to a single pyramidal cell, still the highest number of proven synapses between any two cortical neurons anywhere in the cerebral cortex (Somogyi et al., 1983b). Zoltan Kisvarday, another graduate student, and David Smith also demonstrated axo-axonic cells in the human neocortex (Kisvarday et al., 1986a). Subsequently, with Eberhard Buhl, a postdoctoral fellow at Oxford, we provided direct evidence by in vitro paired intracellular recordings in hippocampal slices that axo-axonic cells acted through GABA-A receptors (Buhl et al., 1994).

Much later, with talented colleagues we also recorded the firing patterns of axo-axonic cells in the hippocampus in vivo during different networks states (Klausberger et al., 2003; and see below). Because of its easily recognizable axonal form and selective genetic marking (Paul et al., 2017), the axo-axonic chandelier cell has become a favorite object in cortical circuit and behavioral research, appearing in thousands of papers and revealing new surprises every week. However, the critical question of why the cortical pyramidal cell requires a unique GABAergic innervation on the axon initial segment independent of the estimated 20–30 other distinct GABAergic inputs that they receive from other interneurons has mostly eluded explanation. For me, the most elegant study, alas in vitro, was carried out on dentate gyrus granule cells, which also receive dense axo-axonal innervation (Buhl et al., 1994; Han et al., 1993). Rojas et al. (2011) showed that GABA-A receptor activation on the axon initial segment depolarizes the firing threshold (i.e., more excitation is needed to evoke spikes), but does not affect the input resistance of the postsynaptic cell, whereas activation of GABA-A receptors on the soma lowers input resistance and shunts excitatory inputs, but it does not affect firing threshold. This way, the firing threshold of the postsynaptic cortical glutamatergic neurons has an independent control from the regulation of somato-dendritic input integration by GABAergic neurons. This reminds me of the pinceau of Purkinje cells, and how lucky I was in exploring the bases of two unique axon initial segment inhibitory mechanisms: electrical field inhibition of Purkinje cells by basket cells and GABA-A receptor mediated selective synaptic inhibition of cortical glutamatergic neurons by axo-axonic cells.
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Fig. 1.    Axo-axonic GABAergic neuron in the monkey hippocampal CA1 area. My partial reconstruction from a single 70 micrometer thick Golgi-impregnated section. Few dendrites are shown. The main axon (a) gives many collaterals with vertical terminal bouton rows each surrounding the axon initial segment of a pyramidal cell (some outlined, asterisks). Two pyramidal cells (1, 2) and their associated axon innervating cartridges (arrowheads) are shown in the light micrograph inset, lower right. Electron microscopic analysis showed that a terminal cartridge could give up to 30 synapses to a single axon initial segment and on average three axo-axonic cells converged onto each pyramidal cell axon (data in Somogyi et al., 1983a).




Synaptic Connections of Identified Neurons: From Golgi-Impregnated Neuronal Forms to the Definition of Cell Types

The visual cortex was the favorite cortical area in the 1970s because of the influence of the seminal discoveries of Stephen Kuffler, David Hubel (see volume 1), and Torsten Wiesel. I also first studied the visual cortex, and the discovery of axo-axonic cells clearly demonstrated the power of analyzing synaptic connections of neurons first visualized at the light microscopic scale. Gradually, I realized that synaptic connections reflected in neuronal form alone were insufficient to predict the position and role of neurons in the network and instead a multifaceted characterization of cell types was needed. Having added neurochemical and physiological measures, I defined neuronal cell types as follows:

Probably all neurones of the cortex can be defined, recognized and compared on the comprehensive application of the following measures: (i) brain area- and cell domain-specific distribution of input and output synapses, (ii) expression of proteins involved in cell signalling, (iii) intrinsic membrane properties reflecting the expression of ion channel proteins, and (iv) temporal distribution of firing in vivo. Based on the above range of parameters, each cell will fall into a tight cluster, the cell type, in this multidimensional space. (Somogyi and Klausberger, 2005)

Such a definition is difficult to achieve and requires many experts. With the dawn of single cell transcriptomics, a simpler, but more easily scaled up approach emerged and provided transformational results on the richness of neuronal diversity (e.g., Yuste et al., 2020). But for explaining the roles of cell types, the information in my definition is still required.

In the visual cortex, the next distinct local interneuron type I studied was the “double bouquet cell,” which had a tight 50–100 micrometer diameter axonal bundle descending from the cell body in layers 2 and upper 3 to layer 6 and was particularly recognizable in primates. Professor Szentagothai and others envisaged that the axonal bundle innervated the apical dendrites of deeper layer pyramidal cells. Instead, we established with Alan Cowey (see volume 5) at Oxford that in the visual cortex of cats and monkeys their boutons mostly made synapses with small dendritic shafts and preferentially with dendritic spines, well above the proportion of so-called type 2 (often erroneously called symmetrical) GABAergic synapses in the overall bouton population (Somogyi and Cowey, 1981). In other words, double bouquet cells preferentially innervated dendritic spines that also received a glutamatergic synapse. By combining retrograde axonal transport of 3H-GABA in the monkey visual cortex, we demonstrated that double bouquet cells were GABAergic (Somogyi et al., 1981). This was again a contribution to the concept of synaptic target selectivity. Later, with Gabor Tamas, then a graduate student, and Eberhard Buhl, we proved by paired intracellular recordings in vitro that double bouquet cells acted through GABA-A receptors (Tamas et al., 1997a). Much more recently, having access to live surgically removed human cortical slices, we showed with my last graduate student, Istvan Lukacs, that double bouquet cells were immunopositive for the calcium-binding protein calbindin as well as somatostatin, acted on GABA-A receptors, and preferentially innervated dendritic spines (Lukacs et al., 2024). My original hypothesis that the dual glutamatergic and GABAergic innervation of single dendritic spines provides a privileged regulation of plasticity of some synapses on spines by double bouquet cells is now being tested by pioneering imaging techniques.

In the 1970s, I also realized that the marking of the terminals of long-range projections by anterograde axonal degeneration following electrolytic lesions of the cell bodies can be connected to Golgi-impregnated synaptic target cells by EM. I placed electrolytic lesion in the lateral geniculate nucleus (LGN) of rats and, after a few days of recovery, traced the recognizable degenerating synaptic terminals to Golgi-impregnated pyramidal and spiny stellate cells in area 17. I first photographed the selected cells in the light microscope and mastered the recovery of any single dendritic spine or bouton in the electron microscope for testing synaptic relationships. If a cell received LGN input, I could then follow its Golgi-impregnated axon to its local synaptic target. I demonstrated synaptic feedback input to aspiny interneurons from pyramidal cell axon collaterals, thus identifying three monosynaptically connected neurons in a chain (Somogyi, 1978). Later, with Alan Cowey and graduate student Zoltan Kisvarday, we repeated the experiment in the monkey and identified monosynaptic input to both spiny stellate cells and a small local GABAergic neuron, the “clutch” cell (Kisvarday et al., 1986b). Although the technique was a feat that contributed to some awards, the small scale, the low numbers of successful hits, and the poor penetration of the embedding resin into the dense Golgi crystalline precipitate meant that it did not gain popularity.

Two technical developments led to major advances in the study of identified neurons: (1) the stable gold toning of Golgi-impregnated neurons for EM, and (2) the intracellular labeling of electrophysiologically recorded neurons by horseradish peroxidase (HRP). In 1977, the year that I published my first Golgi EM paper, Alfonso Fairen in Alan Peter’s lab developed the conversion of Ag2CrO4 to gold-decorated silver particles, which were embedded well and stable in the EM resin and only partially filled the impregnated processes, allowing for much better EM detail of synapses and intracellular organelles (Fairen et al., 1977). Initially, I was devastated that I had wasted so much effort on developing my technique, as it was obvious that the gold-toning technique was superior and was going to be used more widely. However, after the initial shock, I had a go and realized that the visibility of the interior of the Golgi-impregnated neurons provided the opportunity to combine it with other techniques, such as autoradiography (Somogyi et al., 1981c), enzyme histochemistry (Somogyi et al., 1979), and later with EM immunocytochemistry (Freund et al., 1983).

A turning point in my life came from a visit to Budapest by David Smith in 1976, with whom I desperately tried to keep in touch as a potential escape route to the free world. He was hosted by Professor Szentagothai, and I was keen to show him my results using Golgi EM. His main interest at that time was the basal ganglia, as he was teaching the pharmacology of aminergic neurotransmission in relation to Parkinson’s disease. David was frustrated by the lack of direct information on synaptic neuronal connections in the basal ganglia. He immediately realized that my methods could advance knowledge and soon after his visit, he made an offer for a working visit to Oxford. There were no mechanisms for working abroad for junior scientists and both Professor Szentagothai and I were keen to maintain my job and contribution to the Anatomy Department in Budapest. Through some very high-level political connections, Professor Szentagothai managed to convince the authorities that I would return if they let me out with my family, including our two children. I gave my word to him and kept it. We had two very intense and wonderful years in Oxford. Initially, I was a departmental demonstrator teaching in practical classes, then as a postdoc on David’s grant, with total freedom in what I wanted to do.




Circuits of the Basal Ganglia: Oxford 1977–1979 and Beyond

We arrived at Oxford in the autumn of 1977 with Klara and two sons ages one and three. David Smith helped to find a small house for us to rent in a friendly street within walking distance to the lab through the University Parks. I got down to setting up a lab and activating a very old electron microscope helped by David’s graduate student Antony Hodgson, who became a friend and close colleague. With both the basal ganglia and the neocortex in mind, we set out to combine Golgi impregnation with retrograde axonal labeling of the cell bodies by HRP that identified the projection area of the cells, and with anterograde HRP labeling of nerve terminals to test synaptic inputs (Somogyi et al., 1979). As Golgi impregnation for the visualization and identification of neurons required a block of tissue of several mm thickness, we introduced a novel chromogen for HRP reaction that could penetrate such thick blocks. To label the origin of the nerve terminals, we made small electrolytic or pharmacological lesions in the brains that were also injected with HRP in restricted areas for retrograde tracing of connections. In an extensively illustrated paper, with David and Antony, we demonstrated by retrograde HRP labeling that striatal medium-size neurons with densely spiny dendrites projected to the substantia nigra. We also traced direct striatal synaptic input to dendrites of nigro-thalamic projection neurons and showed axo-axonic cell synaptic input to callosally projecting pyramidal neurons in the visual cortex (Somogyi et al., 1979).

The results attracted grant support, and soon Paul Bolam joined us as David’s postdoc, and he took over the basal ganglia program and maintained the lab after my return to Budapest in 1979. I could return for a few months in the summers every year, and we closely collaborated over distance, Paul also visiting Budapest. With Paul, we demonstrated direct cortical input to Golgi-impregnated striatal medium spiny neurons and traced the synaptic targets of their local axon collaterals within the striatum (Somogyi et al., 1981a). He also discovered a second type of striato-nigral neuron (Bolam et al., 1981). Much later, Paul joined the Medical Research Council (MRC) Anatomical Neuropharmacology Unit (ANU), established by David in 1985, bringing his theme of basal ganglia as a group leader.

Through the combination of several anatomical techniques, we could tackle any question on synaptic relationships, but the results did not reveal anything about the molecular mechanisms of those synapses or about their functioning. By the late 1970s, intracellularly recorded neurons were increasingly labeled with fluorescent dyes or HRP for EM, revealing cell identity in the context of physiological information. At the same time, pharmacology was increasingly complemented by immunohistochemical dissection of neuronal populations both for signaling molecules and their receptors. My visit to Oxford allowed me to have insight into the use of these techniques as well as to meet outstanding pioneers (figure 2), one of whom was Tomas Hökfelt (see volume 12) from the Karolinska Institute, the other Claudio Cuello, who joined the Department of Pharmacology as a lecturer. Claudio studied the basal ganglia, so our collaboration had natural synergy, and he trained me in immunohistochemistry, which was exciting and fundamental for my development and future contributions. With Claudio, his graduate student John Priestley and David Smith, we dissected the synaptic targets of enkephalin or substance P containing nerve terminal connections in the basal ganglia (Somogyi et al., 1982b, 1982c).
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Fig. 2.    British Pharmacological Society meeting Oxford 1979, poster session discussion. From left to right, Professor Marthe Vogt from Cambridge, Peter Somogyi, David Smith, and Tomas Hökfelt.




Exploring Neuronal Circuits of the Visual Cortex

After the intellectual, scientific, and societal freedoms experienced in Oxford, returning to the hierarchical and closely watched environment of the Anatomy Department at Budapest and resettling the family was challenging. Klara took care of our home and the schooling of our children in Leanyfalu, a small village by the Danube Bend 27 km to the north of Budapest. She also enrolled in university distance training to become a biology teacher and, after graduation, took a job in the village. One tangible benefit of our Oxford visit was that we managed to save enough money from my salary to buy our first car, an East German Trabant with a cotton fiber-strengthened resin exterior and a two-stroke engine. We could get it within a few months for hard currency, while those queuing for it in Hungarian currency had to wait five years, such was the demand of this affordable car. The plan was that I was going to commute to work, but soon we realized that on the day that I used the car for the return journey of just over 60 km, I used 75 percent of my salary on that day for the petrol. This was clearly unsustainable. Soon I was back to hitchhiking on the way to Budapest and facing the long commute home in the evenings, six days a week. Often, I left in the dark in the morning and came home after the family went to bed, not communicating with my children for days. Fortunately, during the summer collaborative visits to Oxford, I could save money again and supplement our income for the rest of the year.

On arriving back to Budapest from Oxford, Jozsef Hamori had accepted that I would form an independent group and even generously provided a newly arrived technician, Klara Peto, who became a lifelong friend and later accompanied me to Oxford on and off. We got a small room and remained part of the EM facility and contributed to its maintenance for several groups. I realized that on my own I could not exploit the many developments that were underway, so I put up an advert at my old university for volunteer student interns. The first two that turned up were an enormous stroke of luck; Tamas Freund (see volume 11) and Zoltan Kisvarday, two biology undergraduates who just started their second year of studies. They were exceptionally talented, were creative in different ways, and took the university course easily, so they had plenty of time on their hands. They were in the lab on most days, including weekends and during holidays, and soon became very productive scientists as well as buddies. By 1981, we published several papers together while Tamas and Zoltan were still undergraduates, including one in Nature on the radial projection of a special population of GABAergic neurons in monkey primary visual cortex (Somogyi et al., 1981b). We collaborated with Tamas and Zoltan for years, and they established separate collaborations with David Smith. We also worked with Alan Cowey on the primate visual cortex and with Kevan A. C. Martin (see volume 12) and Professor David Whitteridge on the cat visual cortex. I also explored the molecular diversity of GABAergic neurons comparing visual cortex and hippocampus for neuropeptide expression with a technique I developed that enabled me to cut the soma of neurons into 0.5 micrometer thick sections and test up to six antibodies on the same cell. We demonstrated that somatostatin and cholecystokinin were expressed in separate distinct neuronal populations (Somogyi et al., 1984b). The comparison of two very different laminated cortical areas convinced me that the hippocampus was very promising and more easily interpreted in terms of cell types and connections, which I returned to later throughout my studies.

The four of us worked day and night, pushing the boundaries of regulations, which caught the attention of the then head of department, Professor Terez Tömböl, who thought that we should not be in the lab without permission outside normal working hours. She duly confiscated our keys to the department and lab, keys that fortunately were of a very primitive type. The department had a mechanical workshop, and the technician was a buddy, so we chiseled our replacement keys side by side with my students from blank keys—I doubt that many scientists had to overcome such hurdles to contribute to progress.

Kevan was a student of Whitteridge, and they were interested in visualizing the neurons that they recorded for classical receptive field properties. The question was if the striking differences in the action potential responses of simple and complex cells correlated with their cell type identity. They used sharp glass intracellular electrodes containing HRP for recording and visualizing the cortical cells, and also the axons of neurons of the LGN. We realized that having developed the “section Golgi-impregnation” method with Tamas Freund (Freund et al., 1983), we could visualize the HRP-labeled neurons in the tissue section of cortex that also had randomly Golgi-impregnated neurons, some of which by chance were monosynaptically contacted by HRP-labeled LGN terminals (Freund et al., 1985). We provided the first precise determination of the location of physiologically characterized LGN terminals on the soma, dendritic shafts and spines of visualized cell types, and immunocytochemically identified GABAergic neurons targeted by characterized LGN afferents. With Kevan and Zoltan Kisvarday, we identified a novel type of small basket cell in layer 4 of the cat primary visual cortex that Kevan named the “clutch cell” for its claw-like termination on the cell bodies of spiny stellate cells (Kisvarday et al., 1985).

The novel results and Kevan’s originality greatly contributed to the setting up of the MRC’s ANU, which he joined as a group leader in 1985. The collaboration flourished in the MRC Unit and was extended to the primate cortex. Kevan intra-axonally recorded and visualized distinct types of LGN afferents and, with Tamas Freund and Ivan Soltesz, an undergraduate from Hungary, we identified their layer-specific synaptic targets (Freund et al., 1989b). Eventually, Kevan Martin left in 1995 for the Swiss Federal Institute of Technology (ETH) in Zurich and continued a program along the same lines. Thus, visual cortical physiology came to an end in the MRC Unit. We continued collaborating with Alan Cowey on the pathways mediating blindsight in the monkey (Kisvarday et al., 1991) and with talented visitors among them Clermont Beaulieu from Canada (Beaulieu et al., 1992) and Mary Kritzer from the United States (Kritzer et al., 1992) on quantitative synaptic and interlaminar relationships.

For these results, some recognitions followed. A great surprise was the Charles Judson Herrick Award of the American Association of Anatomists in 1984. A most memorable occasion was the Krieg Cortical Kudos–Cajal Club Cortical Discoverer Prize of the American Anatomical Society that I shared with one of my heroes Professor Alan Peters. In the same year (1991), my graduate student and collaborator Tamas Freund received the Cortical Explorer award.




Australia, the Land of Promise: Joining Ian Chubb and Antony Hodgson

As the results built up about both the visual cortex and basal ganglia, I felt increasingly despondent with the stale atmosphere of the Anatomy Department in Budapest and the commuter life both to Budapest and to Oxford, and I longed for a stable creative environment with longer-term perspectives. It seemed that the Soviet Empire and the regime of Janos Kadar’s “goulash communism” in Hungary would never end, and I felt that my life was just ticking away. In 1980, Ian Chubb visited me in Budapest from Australia, and we discussed the option of joining him. Ian had returned to his native Australia from a Royal Society Research Fellowship in Oxford and became professor at the Department of Human Physiology at Flinders University in Adelaide.

Possibly, the wanderlust of my 20s still had not been extinguished by my high-octane life. To a biologist, Australia just sounded like the “promised land.” So, after Ian invited me in 1982, I persuaded Professor Szentagothai to help me to obtain a work permit and exit visa with my family to join Flinders University. I promised that I would continue my contribution to the Department of Anatomy and publish the ongoing projects under both my Hungarian and future affiliations. Nobody objected, it was a win-win situation, and as it turned out, the results flowed with papers in which I was under Flinders, Oxford, and Semmelweis affiliations. We left with the family in the winter of 1983 from frozen Hungary and landed in Adelaide into a 40 degree Celsius exceptionally dry and hot summer with the infamous bush fires burning in the hills.

Ian was interested in the unconventional roles of AChE and in neuropeptide processing, projects that I could complement with my immunohistochemical and EM skills. I set up an anatomy lab with the help of a wonderful technician Dimitra Beroukas whom Ian allocated for our projects. Antony Hodgson from Oxford was already in Ian’s lab as a postdoc, and our group’s work was greatly facilitated by the stimulating neuroscience community, most eminently represented by Professors Marcello Costa and John Furness, pioneers on the enteric nervous system. Ian gave us free hand in what we did, and we collaborated on mapping the distribution of chromogranins, the major adrenal chromaffin granule proteins, discovering that they were constituents of many peptidergic vesicles in nerve terminals in the brain of sheep (Somogyi et al., 1984a). This involved perfusion fixation of sheep (cheaper than laboratory rats there) through the heart, which is not for the fainthearted and required copious volumes of fixative.

I also persuaded Ian to support the characterization of the antisera to GABA and glutamate, which I brought to Australia from Hungary. The antisera had been developed following the pioneering work of Jon Storm-Mathisen and Ole Petter Ottersen (Storm-Mathisen et al., 1983), who applied the method of raising antibodies to small neurotransmitters like GABA and glutamate by conjugating them to carrier proteins for immunization. In Hungary, in a fortuitous collaboration with the immunologist Anna Erdei, whom I knew from university years and later became the head of the Immunology Department of Loránd Eötvös University, where we both studied, we managed to raise antisera to GABA and glutamate with the help of a chemist, Botond Penke, who produced the antigens. With Antony Hodgson, we completed the characterization of the antisera to GABA (Hodgson et al., 1985). We also managed the first EM immunocytochemical localization of GABA in synaptic terminals using colloidal gold-labeled secondary antibodies for visualization (Somogyi et al., 1985). The EM immunogold technique was relatively new; I was much encouraged by a friend from the United States, Anthony van den Pol (1949–2020), who was a professor at Yale and a frequent visitor to Oxford. He first visited me in Budapest in the 1970s and took up EM as a result of our interaction. Call it a truly international effort: The spectacular results attracted attention, and we distributed the GABA antisera worldwide freely, contributing to many studies, but declining authorship.

By the early 1980s, immunocytochemistry was flourishing and a few labs pioneered the absorption of secondary antibodies onto colloidal gold particles that could be made to different distinct sizes in a range of 5 to 40 nm. In contrast to immuno-enzyme methods, these discrete particles provided high resolution, did not obscure the labeled subcellular components, and were eminently countable. Our immunogold localization of GABA opened the way to identify GABA in physiologically recorded HRP-labeled neurons (Somogyi and Soltesz 1986) and also in Golgi-impregnated cells, providing the neurotransmitter identity of fully visualized cell types (Somogyi et al., 1985). I also initiated a collaboration with Ole Petter Ottersen and Jon Storm-Mathiesen. Ole came to Oxford to learn immunogold EM, which he then developed further to great effect for many transmitters and systems (Ottersen et al., 1988). Later at Oxford, with Jozsef Somogyi, we identified high-glutamate neurotransmitter content in the terminals of cerebellar mossy fibers and parallel fibers, demonstrating quantitatively the difference from GABAergic terminals, which had lower glutamate content (Somogyi et al., 1986).

Life in Australia was idyllic; I walked to the lab through a beautiful park with centuries-old eucalyptus trees; in the evening sulfur-crested cockatoos landed on them to roost in front of my window as the sun sank into the ocean in the distance. Ian was very supportive. In a country of immigrants, we felt at home and developed many friendships; social life revolved around the beach, half an hour away, and the barbeques. After we bought an enormous old eight-cylinder Holden Kingswood car, we explored the many reserves and natural parks around. Once the science was on solid footing, we made long journeys, the most memorable of which was a drive from Adelaide to Alice Spring and back, at that time mostly on a dirt road that was very worn and rutted, shaking us and the car into pieces. We lost our windscreen when a lorry overtook us and were driving for days without one. The late Professor Anthony van den Pol joined us on this trip, helping with navigating the terrain in the front, while Klara sheltered with the children in the back under a blanket. Perhaps the sunshine, or the radiating optimism of the place, or the great wines, whatever the reason, Klara became pregnant, and we had our third child, Lilla in 1984, after an eight-year gap. All the time, I kept in touch with the Oxford crowd writing up many projects and with the Budapest lab, where Tamas Freund and Zoltan Kisvarday kept the projects going. I even visited from Australia and Zoltan also visited Adelaide to finish projects, working on GABA localization and immunogold labeling.

In 1988, I managed to return to Adelaide for a few months’ sabbatical and collaborated with Professor John Chalmers on the brain stem control of blood pressure and heart rate, identifying several novel excitatory amino acid pathways (Somogyi et al., 1989a) using retrograde axonal transport of 3H-D-aspartate. John was a world leader with an amazing group of talented people, who helped reveal to me the beauty of seeing the physiological effects of minute, 5–10 nL volumes of neuronal tracers, such as aspartate or even HRP, depending on the pipette tip location. After appropriate axonal transport times and fixing 3H-D-aspartate in the brain, I used an autoradiograph to visualize the neurons that were responsible for the effects from areas, such as the cortex and brain stem nuclei. I wish I could have continued the exploration of the cortical control of autonomic function, but there was simply not enough capacity.




Back to Oxford: Establishing the MRC ANU

By the end of 1983, David Smith felt that the novelty of our published results and the talented young people we interacted with deserved a more stable funding structure at Oxford. He consulted me and made an application to the MRC for a unit, a type of small flexible research institute that was a very cost-effective mode of MRC support, five years at a time, but also renewable. He was fortunate that through our prior collaborations he could include Paul Bolam and Kevan Martin as potential group leaders with distinguished track records. After a bumpy evaluation process, the MRC finally agreed to the funding, conditional on my returning to Oxford. David was to become the director, I requested a role as associate director, and they made an offer that I could not refuse. This was to the great disappointment of Klara, who preferred Australia. After the decision in 1984, the ANU started as I arrived from Adelaide on my 35th birthday and signed the contract. At the airport, Klara and I separated; she continued to Hungary with the three children and told me that she had enough of our nomadic life and would join me only when there was a furnished house to live in. In six months’ time, all was ready, and the family reunited.

In Oxford, Kevan and Paul already had their labs and facilities in different departments, but I had to start all over again, and there was little physical space for a new lab. David was never short of creative thinking and duly persuaded the faculty of the department that the two large old-fashioned toilets separated for men and women were a huge waste of space, and everybody could fit into one facility with some reorganization and lots of goodwill. The female toilet was then converted to a lab, where I expanded my projects, even supplementing it with a portable cabin at the side of building that we entered through a previous window. It looked hilarious, but the scientific opportunities were great, and we were optimistic about attracting talent from around the world. Once the ANU was operational, David wasted no time and won an award from the drug company Bristol-Squibb-Myers to build a modern Department of Pharmacology for Oxford, where the ANU was also accommodated in a separate wing. We moved in in 1991, and the ANU flourished for 30 years in all, on a rigorous five-year review cycle at a time with brilliant independent but interacting group leaders, like Paul Bolam, Sean Eaton, Jeff McIlhinney, Marco Capogna, Jozsef Csicsvari, and Thomas Klausberger (figure 3). I took over as director in 1998, after an evaluation led by the then–chief executive of the MRC, Professor George Radda. I stepped down as director in 2015 and had to leave the unit in 2016. Nevertheless, I took my group to a new laboratory within the Department of Pharmacology and completed another MRC program until 2020, followed by a European Research Council Grant with the late Marco Capogna (1958–2022), who became professor in Aarhus, Denmark. I never had a tenured position; my salary and my family’s security depended on the previous five year’s results and the quality of my proposal for the next five years in a competitive grant system from 1985 until my retirement in November 2023.
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Fig. 3.    MRC ANU Science Day meeting of staff, students, and visitors. (1) David A. Smith, honorary director; (2) Peter Somogyi, director; (3) Marco Capogna, group leader; (4) Jeff McIlhinney, group leader; (5) Paul Bolam group leader; (6) Jozsef Csicsvari, group leader; (7) Thomas Klausberger, future group leader; and (8) Masahiko Watanabe, visiting professor from Japan.




Opportunities in the ANU: Cellular Electrophysiology of Identified Neurons in Vitro

The cyclic five-year form of grant support in the unit, the shared facilities and intellectual complementarity of the small groups, and David’s empathetic leadership freeing us from administration provided a great opportunity for novel scientific ventures. We could already tackle any question on synaptic relationships in the two systems we studied, the basal ganglia and the cerebral cortex, but we lacked the pharmacological analysis of the connections and the exploration of the dynamic behavior of the different cell types that we identified. To improve our contributions, I initiated in vitro slice physiology and the high-resolution localization of neurotransmitter receptors in relation to identified neurons.

First, I sent a talented visiting student from Hungary, Ivan Soltesz, for training in cellular electrophysiology and pharmacology to Vincenzo Crunelli in London in 1988. There Ivan discovered that a GABA-B receptor antagonist inhibited a potassium current in LGN neurons in vitro; he studied the LGN previously in Oxford. Upon his return, he wired up an in vitro slice setup and started recordings in 1989 but soon took a postdoctoral position elsewhere. The setup was activated again by an experienced Hungarian electrophysiologist Gabor Czeh in 1990, and we managed to record and label neurons in hippocampal slices. At the time, Eberhard H. Buhl (1959–2003) joined us as a postdoc from Germany, who could intracellularly label single neurons in fixed brain slices, and with Gabor Czeh, he soon learned to record live neurons, and we labeled them with HRP or biocytin for visualization. Eberhard loved the project, was meticulous, attentive to detail, and highly critical, which was much needed as we were inexperienced. We started with hippocampal slices and later continued with slices of the visual cortex involving an extraordinary Hungarian student Gabor Tamas with legendary spatial abilities (e.g., Tamas et al., 1998). The question was, how did different types of GABAergic neurons that differed in shape, reflecting their pre- and postsynaptic relationships, varied in their synaptic effects on the target cells? What specialized synaptic effects do the great diversity of axonal shapes predict? The answer required recording and visualizing both the pre- and postsynaptic neurons followed by the EM identification of the location and number of synaptic junctions that mediated synaptic effects along with pharmacological testing. We did not lack ambition.

Following much trial and error by Eberhard, with the help of Katalin Halasy, an expert electron microscopist from Hungary, we completed an unmatched study, identifying the synaptic effects of axo-axonic and basket cells as well as that of a novel GABAergic neuron that I named the bistratified cell in the rat hippocampus (Buhl et al., 1994). The latter cell ignored the axon initial segment and the soma that the other two GABAergic neurons targeted and only innervated the small dendrites of CA1 pyramidal cells in conjunction with the glutamatergic input from CA3 pyramidal cells. They all acted on GABA-A receptors, but on different membrane domains. As the dendrites of the bistratified cells were aligned with the CA3 input as well, I recognized that the synaptic targeting of the pyramidal cell dendritic domain was a feedforward regulatory circuit. This turned out to be a principle that applied to many other paired, local GABAergic and distant glutamatergic pathways. With Katalin and Eberhard, we had an exciting period of many detailed studies on hippocampal GABAergic neurons (e.g., Buhl et al., 1996).

A great stroke of luck happened when the program was in full swing and Ole Paulsen joined us from Norway, who now holds the Chair of Physiology (1883) at Cambridge University. Ole had a deep background in ion channel physiology and concepts of oscillatory neuronal activity. He and Eberhard jointly supervised one of our graduate students, Stewart Cobb, and together they tested how the synaptic effect of a single GABAergic neuron influenced the firing of pyramidal cells in vitro. In a true breakthrough, one of those thrilling moments, they found that inhibitory postsynaptic potentials (IPSPs) evoked by individual identified basket cells, but not so much by other interneurons, could reset the firing of pyramidal cells in relations to ongoing theta frequency intrinsic membrane oscillations. These ∼4 Hz voltage oscillations of the plasma membrane appeared just near the firing threshold in vitro. In ingenious experiments, they demonstrated that IPSPs evoked simultaneously in two independently oscillating pyramidal cells reset their firing phase and synchronized them, and this synchrony remained for several theta cycles even without further IPSPs. These results were conceptually novel and technically outstanding, so we submitted the paper to a high-profile journal, from which it was duly rejected without review. We protested, and I sought support from respected physiologists, eventually achieving that the editor sent it out for review and the paper had a smooth ride—an increasingly rare event as time went by. For all of us, this remains our most recognized experimental study (Cobb et al., 1995). We proudly demonstrated our results in the Royal Society’s summer science exhibition to the public and in the evenings to the Society Fellowship and their guests in the soirées, which are black-tie social events (figure 4).
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Fig. 4.    Our team exhibiting electrophysiological recordings in vitro in brain slice and microscopic neuron identification at the 1996 Royal Society Summer Exhibition and Soirée, London; their later positions indicated under the names. The identification of the synaptic effects of distinct GABAergic hippocampal neurons (Buhl et al., 1994; Cobb et al., 1995) resulted in the invitation to exhibit. During the day, we showed our work to the public and in the evening to the Society Fellowship and their guests.

The success of paired intracellular recording prompted us to return to the visual cortex, and in view of our previous experience, we chose the cat, which in retrospect was not a bright idea, as later the mouse visual cortex became the area of choice of physiological and pharmacological studies. Gabor Tamas joined us as a Hugh Blaschko European Research Fellow from Szeged University Hungary, where I had learned AChE localization decades earlier. Today he is full professor and a world leader on the circuits of the human cortex based at Szeged University. Gabor, Eberhard, Katalin, and Ole completed detailed experiments on the number, location, and synaptic effect of GABAergic neurons and pyramidal cells, which are unmatched to this day (Buhl et al., 1997). In addition to the usual suspect basket cells, we identified a type of GABAergic neuron we named “dendrite targeting cell” that similar to bistratified cells in the hippocampus, only innervated the dendrites of pyramidal cells. Gabor also proved that GABAergic “double bouquet cells” acted on GABA-A receptors and preferentially innervated dendritic spines (Tamas et al., 1997a). He also discovered an extraordinary dense and cell type–dependent autaptic innervation by cortical GABAergic neurons (Tamas et al., 1997b), in addition to many selective interneurons to interneuron connections (Tamas et al., 1998). Making all this extraordinary effort in the cat instead of the mouse was a potential “mistake”; but we still do not know how these parameters compare in the mouse. The other missed opportunity was that despite our skills in immunohistochemistry, we did not try to test the neurochemical profile of the recorded neurons. Nevertheless, the facts that we established, and their conceptual significance, were widely recognized (see Somogyi et al., 1998). We had learned our lessons and made up for our mistakes later by recording in vivo and identifying multiple parameters of visualized neurons in the rodent hippocampus (Klausberger and Somogyi, 2008).




Quantitative Neurotransmitter Receptor Localization by Immunogold Labeling

Predicting the nature and dynamics of synaptic communication is facilitated by identifying the neurotransmitter receptors. The cloning of a multitude of receptors for the same transmitter revealed the great diversity and complexity of synaptic interactions. As antibodies were raised for receptor subtypes and even splice variants, I saw an opportunity for high-precision neuroanatomical analysis, starting with GABA-A receptors (Somogyi et al., 1989b; Soltesz et al., 1990). The immuno-enzyme reactions, such as HRP for EM, made precise localization difficult because of the spread of the reaction product. The differentiation of synaptic versus extrasynaptic receptors was particularly difficult. Having introduced immunogold labeling of GABA and other transmitters (see above) we attempted to localize receptors with discrete silver and gold particles, which is now in routine use at about 10–20 nm resolution. But the beginning was difficult. Under conditions of localizing the highly concentrated transmitters, we got no signal for the much scarcer receptors. I was fortunate to work with my long-time expert electron microscopist colleague David Roberts, who was one of the first appointees to the ANU and who introduced acrylic resin embedding for EM postembedding immunoreactions on the thin sections, which provided deeper access for antibodies into the sections than the routine epoxy resins. The first success came in a collaboration with Nomi Eshar, who was a visiting student from Israel, bringing her antibody for the localization of a suspected glutamate receptor, which later was named chicken kainate-binding protein. To our surprise, this protein was localized to the membrane of Bergmann glial cells in the chicken cerebellum and completely absent from the synapses that the glial lamellae surrounded (Somogyi et al., 1990). With the sensitive postembedding localization method, a whole new chapter opened up. Soon talented students and visitors joined to learn the methods from David Roberts.

Agnes Baude, a fresh doctoral graduate, arrived from Marseille in 1991 and set out to explore the subcellular location of metabotropic glutamate receptors (mGluRs). I will never forget the thrill that we had when in the EM we realized that postsynaptic mGluR1a on the dendritic membrane of hippocampal and cerebellar neurons was largely excluded from the postsynaptic junction proper and was concentrated in a perisynaptic ring of glutamatergic synapses (Baude et al., 1993). This was so surprising that we kept testing the result with both pre- and postembedding immunogold labeling, as well as in cryo-EM sections cut by David Roberts, a very difficult technique. Attending a conference, I was keen to show the results to Professor Shigetada Nakanishi, who was at the forefront of receptor cloning and an authority on metabotropic receptors. He realized the significance of the finding and the potential for the many receptors they were working on and recommended that we collaborate through a visit by his doctoral student Ryuichi Shigemoto; the rest is history. Ryuichi arrived with his family in 1995 with great training in molecular biology, but with no electron microscopic experience. In no time, he was taking electron micrographs. Today Ryuichi is a world-leading innovator of quantitative EM immunocytochemistry and a professor at the Institute of Science and Technology Austria in Vienna.

Ryuichi brought to our lab in Oxford antibodies that he developed to several receptors for his doctorate, among them one to mGluR7. In light microscopic preparations, he had discovered that mGluR7 richly decorate the soma and dendrites of some neurons in the hippocampus, but it was difficult to make out in which subcellular domain the signal was located. We prepared pre-embedding silver-intensified immunogold specimens, in which the receptor-specific primary antibody is first recognized by a secondary antibody attached to a 1 nm gold particle. This particle is then made visible by growing a larger reduced silver shell on it, a method introduced to the lab by David Roberts from the literature. Once again, I remember the shock and the thrill of the unexpected when I first saw that the particles were in the active zones of presynaptic terminals innervating a select population of GABAergic neurons, collectively outlining the cell’s shape. Ryuichi understood that if these terminals were so rich in presynaptic mGluR7, then either they came from a specific source of neurons expressing high levels of mGluR7, or the postsynaptic cell determined the deposition of a high level of presynaptic mGluR7 selectively in its inputs. By following the axons of single-labeled hippocampal pyramidal cells and serial section EM analysis, he proved that the latter was the case. We discovered the target cell–specific deposition of presynaptic mGluR7 in synapses in individual boutons along the same individual axon (Shigemoto et al., 1996). As presynaptic mGluRs inhibit neurotransmitter release, we predicted that these neurons would be subject to stronger presynaptic inhibition than neurons innervated by low-mGluR7-expressing boutons, implying that the postsynaptic cell type influences the probability of transmitter release to itself. This hypothesis was more recently proven, but through a different molecular mechanism independent of glutamate release; the inhibition is mediated by protein-protein interaction of mGluR7 with a postsynaptic protein, Elfn1, across the synaptic cleft (Stachniak et al., 2019). Ryuichi eventually completed a gigantic description of all the metabotropic glutamate receptors in the hippocampus, which is now a classic (Shigemoto et al., 1997).

The success of our immunogold/silver particle localization of receptors attracted talented visitors and staff to the unit, and we extended the program to many neuronal systems and receptors. Francesco Ferraguti brought molecular biology expertise and, with Yannis Dalezios, we expanded the exploration of all the presynaptic mGluRs in the cortex and hippocampus (Ferraguti et al., 2005). Supported by Ryuichi, we demonstrated that all group III mGluRs were also in the presynaptic active zone of GABAergic terminals (Somogyi et al., 2003). This localization is probably explained by their proximity to calcium channels involved in transmitter release. With Rafael Lujan from Spain, we showed that the perisynaptic enrichment of dendritic group I mGluRs also applied to mGluR5 forming strategic microdomains on the spines of hippocampal pyramidal cells (Lujan et al., 1996).

In parallel studies, we also investigated the synaptic and extrasynaptic location of ionotropic glutamate receptors, raising antibodies with biochemists Elek Molnar and Jeff McIlhinney, the latter who was one of the unit’s group leaders. A visiting undergraduate from Hungary, later graduate student at Oxford, Zoltan Nusser was a key and energetic investigator whose sharp focus led to significant progress. In a seminal study, Zoltan proved that in a population of glutamatergic nerve terminals originating from CA3 hippocampal pyramidal neurons and innervating the CA1 area, the so-called Schaffer collateral commissural pathway, the number of AMPA-type glutamate receptors varied according to size of the synaptic area and the target cell type—synapses on GABAergic interneurons contained significantly more AMPA receptors than pyramidal cell spine synapses. On large spines, there was a higher density of AMPA receptors, whereas many small spines had undetectable levels, demonstrating the basis of the now accepted use-dependent synaptic plasticity mechanism (Nusser et al., 1998a).

Receptor subunits of the GABA-A receptor were also cloned in quick succession arriving at a total of 19 different subunits in mammals, five of which form an anion channel, consisting usually of three different subunit species. Such diversity provided the opportunity for hundreds of receptor varieties differing in composition, dynamics, and pharmacological properties. To test if the many different GABAergic interneuron subtypes could have used different receptors, I collaborated with scientists who raised subunit-specific antibodies. One of them was Professor Werner Sieghart in Vienna, who understood the functional importance of receptor location in diverse synapse populations and enthusiastically supported our efforts. Beyond the joint achievements, we also formed lifelong friendships and visited each other. With Zoltan Nusser, we showed that the GABAergic synapses on the axon initial segment of a pyramidal cell innervated by the axo-axonic cells had a higher alpha-2 subunit content than the somatic synapses originating from basket cells; the latter were dominated by the alpha-1 subunit (Nusser et al., 1996). The most unexpected result was obtained by Zoltan, who was the first to test Professor Sieghart’s antibody to the delta subunit in the cerebellum. He found that the receptors incorporating this subunit were excluded from the synaptic junction and only occurred in the extrasynaptic membrane, in contrast to all the other receptor channels (Nusser et al., 1998b). Later studies showed that the high affinity of the delta subunit-containing receptor was responsible for much of the tonic GABA-A receptor current that regulated the input resistance, hence the excitability of neurons.

My collaboration with Ryuichi resulted in invitations as a visiting professor to Kyoto and Okazaki where he had his labs. I loved every minute of it, leaving my administrative responsibilities behind, while being able to totally focus on projects in a well-equipped lab, I could do experiments as well as continue writing and the distant supervision of my group in Oxford. Living in student dormitories, mostly within easy walking distance to the labs, surrounded by natural wonders and exotic shrines and gardens, I felt liberated. Ryuichi was a wonderful host, an expert cello player, and a tolerant group leader. The pace of lab work there was very different from that in Oxford; in Japan the lights were almost never turned off, students nodded off at their desks, hardly the most productive practice.

In Kyoto, I met Kazushi Fujimoto (1954–2003), a technical genius, who developed a highly sensitive electron microscopic membrane freeze-fracture replica immunolabeling method using sodium dodecyl sulphate (SDS) digestion (Fujimoto, 1995). I immediately realized that this method was the way forward for quantitative subcellular immunocytochemistry of membrane proteins, and indeed, in addition to Kazushi, some other groups started to use it as well. It is a method that demands extreme dexterity and patience: The fixed or unfixed tissue is rapidly frozen and broken in a way that many of the membranes split between the two lipid layers taking the membrane proteins either to the intra- or extracellular half of the plasma membrane. The proteins are trapped by an evaporated carbon layer followed by platinum shadowing to show the distribution of proteins in the replica as bumps in their original location. The tissue is washed away with SDS, and the replicas can be probed with antibodies visualized by gold particles of different sizes for different proteins in the same replica. The whole process can be made quantitative by comparing different parts of the membrane, different cells, and synaptic junctions. There is no penetration barrier to antibodies, and because of the SDS treatment, immunoreactivity of proteins is excellent.

Kazushi was a friendly but withdrawn scientist and sadly his efforts were undervalued in his department. He taught me and Ryuichi about the elaborate processing and instrumentation, and we both established the method in our labs, followed by Francesco Ferraguti at Innsbruck and Zoltan Nusser at Budapest. Ryuichi had a flair for technical innovation; he introduced many improvements, combined receptor counting with measurements of synaptic physiology of the same population of synapses, and put several people on its applications. I visited several times with David Roberts to learn, until finally we could also do it in Oxford on a small scale, but we did not have the capacity for expanding it. I shared the supervision with Ryuichi of a graduate student, Yu Kasugai, at Okazaki. Kasugai visited Oxford, and we completed the mapping of several GABA-A receptor subunits on the surface of hippocampal pyramidal cells (figure 5). We found that although the receptors were concentrated in postsynaptic junctions, as expected, the total population of low-density extrasynaptic receptors was several times larger than synaptic receptors (Kasugai et al., 2010). Less than 1 percent of the somatic surface was covered by synaptic junctions. Ryuichi trained several students and postdocs, and they discovered many unexpected rules in the location and quantitative relationships of receptors and voltage-gated ion channels (Eguchi et al., 2022).
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Fig. 5.    Electron micrograph of membrane freeze-fracture replica immunolabeling of the dendritic shaft of a hippocampal pyramidal cell with 10 nm gold particles (black dots) for the beta-3 subunit of the GABA-A receptor. The receptor is highly concentrated in the postsynaptic junctional membrane marked by the high density of intramembrane proteins; a lower density of labeled extrasynaptic receptors is also present. I took this image in the laboratory of Ryuichi Shigemoto in the National Institute of Physiology, Okazaki, Japan, and dedicate it to the memory of Kazushi Fujimoto, the inventor of the technique. (Data in Kasugai et al., 2010).

The collaboration with Werner Sieghart had a major effect on my development and life beyond GABA-A receptors. Werner asked me to host his freshly graduated doctoral student at Oxford for widening his horizons. Thomas Klausberger had a deep molecular biology background and figured out the molecular domains of interacting GABA-A receptor subunits for his doctorate. After an initial EM training and receptor localization, it was clear to me that Thomas could go much further than I could guide him, and indeed, today he is a full professor and Director of the Center for Brain Research in Vienna. But before he could set out to form an independent laboratory, we got down to the business of widening his scientific horizons even more, so I sent him to my friend Professor György Buzsáki (see volume 13) for additional training in Newark at Rutgers University.




System Electrophysiology of Identified Neurons in Vivo

Our paths crossed many times with György Buzsáki (Gyuri) who has had a great influence on my thinking about the brain. Gyuri also started in Hungary and received neurophysiology training from Professor Endre Grastyan, a great neurophysiologist and a contemporary and friend of Professor Janos Szentagothai. Eventually, once the MRC ANU was set up, I had the opportunity to host Gyuri when he visited for the training of Tamas Freund and me in electrophysiology in vivo. We collaborated on a project to test recovery of electrical activity following brain ischemia (Freund et al., 1989a). Gyuri is a stimulating partner with strong views about most things and with exceptional technical and analytical skills. We collaborated on the hippocampus repeatedly when he was interested in the axonal projections of recorded, identified cell types, and I had the privilege to work in his lab (Li et al., 1994). Thus, it was natural that I arranged for Thomas to visit him, with the suggestion that they try the in vivo intracellular recording and labeling of single GABAergic neurons with sharp electrodes. Thomas spent a few months in New Jersey, and although they did not get the interneurons, he gained invaluable experience in physiology, particularly in network oscillations. Gyuri was typically recording interneurons with tetrodes, but that method did not allow for the identification and visualization of the recorded neurons. By the time Thomas returned, Shone Eaton, a physiologist group leader in the unit, had managed to reproduce Didier Pinault’s juxtacellular recording and labeling technique (Pinault, 1996). Thomas soon picked up the method and applied it to the hippocampus. He had learned from Gyuri how to differentiate between putative pyramidal cells and some GABAergic interneurons in the hippocampus based on their firing characteristics. Our question was, did the distinct types of interneurons that we recognized by their shape and molecular cell markers differ in their in vivo firing? More generally, what factors drove the evolutionary differentiation of GABAergic cells?

I shall never forget that, when after several attempts of labeling, one day Thomas brought to the microscope a neurobiotin-labeled and HRP-visualized section of the first neuron that he predicted would be an interneuron. The whole lab gathered: It was clearly an interneuron, a basket cell, later published as figure 1 of our first paper from the anaesthetized rat CA1 region (Klausberger et al., 2003). Many more followed, including the first-ever axo-axonic cell with identified firing pattern in several brain states, which I reconstructed from many sections and included in figure 2 of that paper. The significant advance was that each neuron could be monitored during different brain states, such as theta oscillation, or slow-wave sleep with sharp-wave ripple events. The combination of their behavior was so characteristic that Thomas and later other colleagues he trained could tell which of the about 25 GABAergic interneurons they were recording while the electrode was still in the brain and the animal was alive. Initially, Gyuri guided us in the analysis of firing time series in relation to the phase and frequency of oscillations, such as theta, gamma, and high-frequency ripple oscillation. The firing patterns, along with the shape of the dendrites reflecting input and that of the axon reflecting output, as well as the combination of signaling molecules that we visualized in the labeled neurons, and their terminals defined the cell types. Thomas managed to record a population of bistratified GABAergic neurons, which only innervated the dendrites of pyramidal cells and fired at the trough of theta oscillations at a later phase than basket and axo-axonic cells did, and they were very active during sharp-wave ripples (Klausberger et al., 2004). The many different cell types that we identified and named cooperatively formed the system that carried out “the unity of network operations” (Klausberger and Somogyi, 2008).

At that point, it was obvious that we finally had the tools to dissect the contributions of cell types in relation to the roles of the system, so I increased our capacity by appointing new students and postdocs, some of whom turned out to be brilliant. Thomas and Damien Lapray constructed microdrives for glass electrodes carried on the head of the rat, and they could move it just next to the cell for recording (Lapray et al., 2012). Linda Katona and Tim Viney were the first to record and label axo-axonic cells in naturally sleeping and freely moving rats. Just as in anaesthetized animals, during theta oscillations, on average, axo-axonic cells fired the most just after the peak of theta cycles, when pyramidal cells fired the least, and when pyramidal cells fired the most at the trough of theta, axo-axonic cells were silent (Viney et al., 2013). This double-reverse correlation makes it very likely that GABA release to the axon initial segment is a major mechanism governing the pyramidal cell-firing threshold. Linda, who started as a visiting undergraduate from Romania and continued as a doctoral student, with her colleagues managed to record and label somatostatin-expressing interneurons: the bistratified cell and the O-LM cell, innervating completely different dendritic domains of pyramidal cells in naturally sleeping or moving rats (Katona et al., 2014). Refuting the dogma that somatostatin-expressing interneurons had a unified role, Linda demonstrated that the spiking of the two cell types could be differentiated in several network states.

The nights were long and the success rates were very low, but the rewards of the results were great. John Tukker and Balint Lasztoczi tackled recording different types of GABAergic basket cells, defining how those expressing the calcium-binding protein parvalbumin differed from a non-overlapping population expressing cholecystokinin, yet converging with their terminals on soma and proximal dendrites of the same postsynaptic pyramidal neurons (Tukker et al., 2013; Lasztoczi et al., 2011). They also became experts in analyzing the specialization of interneurons during various forms of gamma frequency network oscillation (Tukker et al., 2007; Lasztoczi and Klausberger, 2016). Thomas and Pablo Fuentealba recorded slow-firing neurogliaform cells, one population of which we named the ivy cells after their characteristic axons. An image of a reconstructed ivy cell and the ivy plant climbing in my back garden made it to the cover of Neuron (Fuentealba et al., 2008). This successful program made it through the five-year unit review, earned Thomas a group leader position in the unit and later a professorial position in the Medical University of Vienna. He had a clear vision to place identified neurons into the network operation reflecting the behavioral context of the animals. He extended his studies to the prefrontal cortex with his students Katja Hartwich and Lema Massi and continued his program in Vienna (Massi et al., 2012; Passecker et al., 2019).

Other groups internationally greatly contributed to the ever-evolving scheme of neuronal spatiotemporal network diversity using similar approaches. Ivan Soltesz, who started as an undergraduate visitor from Hungary to Oxford and became a system physiologist and the James R. Doty Professor of Neurosurgery and Neurosciences at Stanford University, made brilliant contributions on a large scale. With Csaba Varga, who earlier was a visitor to Oxford, they measured oscillatory phase-specific interneuron-type firing sequences in the hippocampus in mice during theta, gamma, and high-frequency ripple oscillations discovering that, on average, the same sequence was followed irrespective of the oscillatory frequency (Varga et al., 2012). Independently, I also noticed that during theta rhythm the preferred firing phase of axo-axonic, basket, O-LM, bistratified, and CCK GABAergic neurons followed a sequence that resulted in a traveling wave of GABA release starting at the axon initial segment near the peak of the theta wave, through the soma to the dendrites from cycle to cycle (Somogyi et al., 2014).

The complex synaptic temporal interactions between the firing of pyramidal cells, interneurons, and hippocampal afferents did not make it obvious how the average cell type–specific peak excitability and spike output of neurons arose rhythmically. It was well known that input from the medial septum and brain stem were major regulatory inputs for the hippocampal theta rhythm, which reports a brain state associated with movement, sensory-motor processing, or paradoxical sleep. After Thomas Klausberger left for Vienna, we sought to dig deeper into the role of the medial septal input containing GABAergic, cholinergic, and glutamatergic afferents, synaptically influencing both pyramidal cells and interneurons. Particularly, the GABAergic septal input to interneurons, on which Tamas Freund did seminal work at Oxford was the most relevant (Freund and Antal, 1988). Our hypothesis was that different populations of GABAergic neurons may already be in the septum that provided differential rhythmic inputs to different interneuron types in the hippocampus. In collaboration with David Dupret, a previous group leader in the ANU and now professor at Oxford, we set out recording and visualizing individual septal neurons in vivo with neurochemical identification aiming to analyze their axons in the hippocampus. Luck was on our side, as a very talented and determined graduate, Abhilasha Joshi, joined us from India for her doctoral studies. She learned from Tim Viney the technique of in vivo juxtacellular recording and the labeling of single neurons in head-fixed awake mice in a virtual reality environment. Tim learned the method from Thomas’s group in Vienna. Soon Minas Salib, another of Tim’s talented students, joined them from Germany to record medial septal neurons.

From extracellular silicone probe recordings in the medial septum, an astonishing diversity of firing patterns of individual cells emerged even without cell visualization, contradicting the prevalent simple model of the medial septum being a “pacemaker.” Sure enough, there were neurons in the medial septum that displayed highly theta-modulated rhythmic firing dynamics and disrupting the septal input to the hippocampus stopped theta oscillations. However, just as the long-maintained simplified basket cell to hippocampal pyramidal cell rhythmic inhibition scheme did not fully explain the operation of the network composed of diverse cell types, the simplified rhythmic septal GABAergic inhibition of hippocampal basket cells could not explain the reality of diverse firing phases of distinct hippocampal cell types. The medial septal rhythmic neurons displayed highly variable rhythmicity, different firing phases relative to hippocampal theta, and different burst durations. Abhilasha focused on two frequently encountered rhythmically firing cell types and managed to visualize them, proving that they were GABAergic. She named them in Sanskrit based on the firing patterns converted to sound on a speaker during recording. The Teevra (sharp sound) cells were the most rhythmic neurons, had short burst duration, and did not change their firing rate during movement, whereas the rhythmic Komal (soft sound) cells had longer burst duration and increased their firing rate during movement, and surprisingly had different preferential theta firing phases (Joshi et al., 2017). In a tour de force analysis, after labeling the recorded cell’s axon from the septum to the hippocampus, Abhilasha proved that GABAergic Teevra cells preferentially projected to the CA3 area of the hippocampus, where they selectively innervated axo-axonic GABAergic cells and a population of cholecystokinin-expressing interneurons. She could identify axo-axonic cells based on Tim Viney’s discovery that they lacked detectable SATB1 transcription factor in contrast to other parvalbumin expressing neurons (Viney et al., 2013). Thus, we identified not only the in vivo activity, as well as the location and projection area of certain medial septal neurons, but also the hippocampal interneuron types that they synaptically targeted. More surprises followed including the “orchid” GABAergic neurons from Tim (Viney et al., 2018), Minas Salib (Salib et al., 2019), and the Hugh Blaschko Fellowship awardee Gunes Unal (Unal et al., 2018). We obtained ample evidence for our hypothesis that target-selective medial septal neurons are major contributors to setting up the cell type–specific firing phase of distinct hippocampal interneuron types. Sadly, with the termination of the grant and when I had to leave the MRC ANU in 2016, the wonderful group of talented people dispersed, although much more remains to be discovered. Nevertheless, several of these colleagues were influenced by the experience in the Oxford lab. Thus, Abhilasha continues an exciting program on rhythmic brain activity in relation to movement in India, Gunes Unal carries on in Turkey, and Tim Viney now runs his own laboratory at Oxford, where I am a lucky guest.




Human Cortex and the Visits to My Family from Neurodegeneration

My last major program was aimed at dissecting GABAergic interneuron types in the human neocortex in collaboration with Marco Capogna, a previous group leader in the ANU. We obtained a grant from the European Research Council to explore neuronal circuits in surgically removed live cortical tissue, following in the footsteps of my previous student Gabor Tamas, a professor at the University of Szeged in Hungary, and others. We found that double bouquet GABAergic neurons selectively innervate pyramidal cell dendritic spines and small dendritic shafts in a narrow cortical column and hypothesized that they regulate synaptic plasticity of glutamatergic inputs to the same spines (Lukacs et al., 2024). Some dendritic spines also have dual glutamatergic and GABAergic innervation, the latter from terminals expressing a high level of presynaptic cannabinoid type-1 receptor (CB1) as shown by electron microscopic immune-localization. However, the majority of CB1-expressing GABAergic terminals innervate dendritic shafts, where they regulate synaptic plasticity. We also found that specific types of GABAergic neurons express vesicular glutamate transporter type-3 in their terminals along with the vesicular GABA transporter, and hence likely release both amino acids as transmitters (Somogyi et al., 2025).

The human cortex is affected in a wide range of neurodegenerative diseases leading to dementia. An increasing number of gene variants are identified contributing to the risk. My father passed away at 90 because of heart failure; he was mentally still clear even if a bit slower. He had a strong essential tremor that I probably inherited, which is starting to bother me. Cerebellar degeneration is thought to be involved. It used to be called benign, but I do not find anything benign about it. My mother passed away at 87 because of some form of slow neurodegeneration that was never fully diagnosed but could have been Alzheimer’s disease or fronto-temporal-lobal degeneration, or one of the many atypical, combined catastrophes. I organized medical care and supervision for them, visited them regularly, and they had a dignified exit. Curiously, I did not use to worry about my own possible neurodegeneration or look into the relevant research until my wife, Klara, was diagnosed with a mysterious condition in 2016. Then it all changed, and I joined Tim Viney’s efforts to better understand neurodegenerative mechanisms (Viney et al., 2022; Sárkány et al., 2024).

As a neuroscientist, I now recognize that I have a duty to learn more about brain mechanisms underlying the condition of my late wife and give my children the opportunity to plan their lives, should there be some genetic predisposition for the disorder. While Klara’s mind was still clear, we both decided to donate our brains to the Oxford Brain Bank. Upon her passing in 2024, her brain was processed and the whole tragedy of neurodegeneration was dramatically illustrated by the multiple proteinopathies upon neuropathological analysis. Studying our family histories and meeting her relatives indicates that there may be genetic predisposition for her late-onset neurodegeneration, but none of the well-known risk factors have been identified as causative to her death. My last project, alas with noticeably decreased capacity, is to try to find out what condition killed her. This is the question that I wake up with every day. In the process of testing for risk gene variants, I was identified as a heterozygote carrier of a significant risk factor, but this has not changed my life. On the contrary, I joined several clinical research projects in Oxford as a research subject. I also coordinate an effort by a consortium of leading experts to get to the bottom of identifying Klara’s condition. Along the way I learn both past and the latest progress in understanding neurodegeneration, which is exciting. My mentor and friend David Smith, who has been working on neurodegeneration for decades, along with Professor Helga Refsum and others at Oxford University, established that lowering homocysteine levels in the elderly with mild cognitive impairment significantly slowed the progression of cognitive decline (Douaud et al., 2013). Exercise has emerged as another preventive mechanism, and for decades, I have been running regularly 5–10 km distances for fun and the occasional race, such as the Oxford Town and Gown 10 km Cystic Fibrosis Charity race every May. This is a family event, and often I run with my children. As the years pass, one of the rewards of aging is that in the 5 km parkrun races on Saturdays, I can come first in my age category, often helped by the fact that I am the only one in my age range out of 500–800 runners. Where are all the others?




Authorship Ethics

The memory of my professor Janos Szentagothai’s generosity of taking his name off the axo-axonic cell manuscript that I drafted in 1976, so that I could be the single author, remained with me. Later, I tried to accept authorship on research papers from my colleagues only when I did observational or significant analytical contributions and encouraged them to follow this practice. Several colleagues, including Tamas Freund, Zoltan Nusser, and Tim Viney, published papers with other scientists without me as an author while employed in my group, which may helped the development of their identities. Of my past colleagues, Thomas Klausberger and Zoltan Nusser adopted this practice. Authorship today largely follows the feudalistic practice of the grant holder being a senior author irrespective of the actual scientific contribution to the research. To justify this, vague terms like “conceptualization” have been introduced as a contribution. Coming from paternalistic, hierarchical, postwar/feudalistic Hungary, as a junior scientist, I was very keen to demonstrate my distinct contributions and use the papers to establish communication with scientists worldwide. I insisted to be among the corresponding authors. In the less regulated publication era of the 1980s, some of my papers had a note stating “correspondence to any of the authors,” which should be the norm. But later this was no longer possible, as journals refused to implement my requests and restricted corresponding author numbers. The trend is for large multicenter, collective studies with dozens to hundreds of authors, where individual contribution is given over to the collective wisdom, which may be a productive mechanism to tackle large challenges. I worked in an era in which the insight and often the key contribution happened in the creative mind of a few privileged individuals.




Services to Science and Education

I taught in some undergraduate courses and practical classes at Oxford to a small extent and mainly supervised graduate and visiting students in research. My disadvantaged beginning haunted me all my life, and I feel a compulsion to provide opportunity and help to young people to realize their talents. Once I was reasonably stable in my job and family, I began to dedicate more of my capacity to help others. Apart from the individuals studying and working with me, I founded three organizations. The first was the Transylvanian Academic Exchange Trust (TAET, 1991–1996), at a time when the Romanian dictator Nicolai Ceausescu attempted to wipe out the culture and language of the nearly two million Hungarian ethnic minority in Romania. He introduced a plan of demolishing Hungarian villages and moving the people into concrete blocks of flats near newly created industries and moving ethnic Romanians from other parts of the country into Transylvania, where most Hungarians lived. I traveled to Romania in support of Hungarian academics in Targu Mures, where there was a bilingual (Romanian and Hungarian) medical school, where some doctors were educated in Hungarian. I initiated campaigns to withdraw the Honorary Doctorate of Elena Ceausescu in the United Kingdom, the chemist wife of the dictator, and to expel her from the New York Academy of Sciences. Fortunately, the Ceausescus were executed before their plans were fully implemented. With academics such as David Smith and Alan Cowey in Oxford, we established and registered the charity TAET and brought young scientists and fresh graduates from Targu Mures for international experience and research training. Many of them became professors at their home country later. Sadly, Hungarian language education has been gradually eroded in Romania and because of low birth rate and high emigration, the population greatly decreased with consequences for their culture and identity.

Transylvania, now part of Romania, is a multiethnic region of Central Europe and has changed countries many times during its troubled history. A significant population of the Hungarian minority lives in small villages often far from towns with high schools. Two linguist academics, Professor Janos Pentek and Professor Katalin E. Kiss, realized that many disadvantaged talented pupils never have a chance to attend high school because of the cost of commuting and a lack of residential accommodation. They founded the Nyilas Misi Talent Support Association (www.nyilasmisi.ro), in which a given promising pupil in the upper 20 percent of achievement in all subjects, is paired with a specific sponsor, who provides a monthly scholarship to enable the pupil to finish high school and who may also help during university studies. When there were not enough sponsors in 2011, I joined the association coordinating my family, friends, and academic colleagues from around the world as sponsors. I worked with the director of the office, Zsofia Cseke, who remains a friend. At the height of our group’s activity, 73 sponsors supported about 80 children per year, many of whom have already completed university. Now, out of about 300 sponsors, in our group, 32 of us support 38 children and university students.

Remembering my excellent education, particularly in the Zsigmond Moricz Gimnazium (high school) in Szentendre, I founded the Ramon y Cajal Scholarships competition in the town, first for all high schools then extending it to the Aron Marton Liceum in Csikszereda, Romania, and to the High Schol of Dunaszerdahely in the Slovak Republic to demonstrate cooperation among neighboring nations with loaded histories. Each year (2005–2016) I provided a not-so-straightforward theme around neuroscience and evolution that required original scientific thinking and scholarly research by the pupils to compete with an essay. The first prize was a summer internship in Oxford, mostly in my lab. The second prize was an internship in the Institute of Experimental Medicine in Budapest, where I had an honorary position, and the third prize was a significant book. A committee of neuroscientists scored the essays. The prizes were handed out in my high school on a special science meeting of the alumni and pupils in natural sciences organized by the excellent chemistry teacher Gabor Maknics, a friend of mine. Many talented pupils were awarded, most of them graduating later from universities; some of them have already completed their doctorate and work as postdocs in various parts of the world.
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Fig. 6.    With pioneering ex-pupils and friends in the Hungarian Academy of Sciences after delivering the Semmelweis-Budapest Award lecture on November 12, 2012. The award led to the foundation of the Stephen Kuffler Research Foundation in Budapest under the chairmanship of Zoltan Nusser. From left to right, Zoltan Nusser, Tamas Freund, Peter Somogyi, Zoltan Kisvarday, Gabor Tamas, and in the front, Klara Peto, a friend and longtime colleague.

In 2011, I was awarded the Semmelweis-Budapest Prize of Semmelweis Medical School in Budapest (figure 6), which carried a prize of EUR10,000. It was the year of the first attack on higher education by the Orban government, which severely reduced funding for education, and I felt that I could not take the money when universities struggled to pay their staff. I offered the prize as seed money to the university toward a foundation awarding young talent in sciences. As the university was unable to organize this, I asked my previous pupil Zoltan Nusser to set it up in the Institute of Experimental Medicine, where he was a group leader. The director, Tamas Freund, who was another previous student of mine, approved it, and Professor Sylvester E. Vizi, a previous Academy president who was an emeritus professor there, accepted the request to be one of the founders. The Stephen Kuffler Research Foundation was born in 2012 (https://kuffler.site.ox.ac.uk). We chose the name with my friend Jozsef Somogyi in recognition of Kuffler’s seminal discoveries establishing neuroscience as a discipline. I invited living pupils of Kuffler as trustees, and they all enthusiastically supported the idea; David Hubel, Torsten Wiesel, John Nicholls, Ed Kravitz (see volume 4), and Eric Kandel (see volume 9) were joined by David Smith and Sylvester Vizi. These founders and others donated to the foundation, some of them on a yearly basis, which was greatly extended by Nusser’s energetic fundraising in Hungary. The aim was to identify and reward those early talented students who already in their undergraduate years were showing originality and scientific potential, which we later extended to doctoral students. The fields included all aspects of biology and medicine and applied computational and related physical sciences.

To reflect Kuffler’s international roots—he studied medicine in Vienna and was born in Hungary during the Austro-Hungarian monarchy—and to demonstrate cooperation in Central Europe, an area of long-running historical ethnic tensions, applications were open to all countries of Central Europe, including Poland, which produced several awardees. Under Nusser’s chairmanship of a board of eminent active scientists, awardees were selected once a year and an award ceremony was held at the Hungarian Academy of Sciences, several of which were attended by Kuffler’s children. I tried to attend most of the award events, and David Smith and John Nicholls gave talks and handed out awards. We were all very proud of this scheme, which attracted a lot of attention; I presented our initial results in 2013 at the Kuffler Centenary Symposium at Rockefeller University, which was attended by Professors Kandel, Wiesel, and Kravitz. Some of the more than 50 awardees of the Foundation are now established scientists. Sadly, following my dismissal from the Institute of Experimental Medicine in Budapest in 2020, Zoltan Nusser felt that he could no longer work with me and resigned, which was painful. I could not organize a replacement and the incorporation of the Foundation was terminated in Budapest and has remained dormant. I have moved the website to Oxford and hope to resurrect it on a smaller scale.




The David Smith Lectures in Anatomical Neuropharmacology at Oxford (2008–2025)

In recognition of the success of exploring identified neuronal circuits in the ANU, on the 25th anniversary of the MRC’s decision to establish it, I decided to mark each year by recognizing outstanding scientists who shared our vision or contributed to the unit’s work. Namely, I established the David Smith Lecture in Anatomical Neuropharmacology, with the inaugural lecture given by Antoine Triller from the Pasteur Institute, France, in 2008. The awardees receive a unique laser-engraved wooden plaque illustrating the brain, the Oxford Sheldonian Theatre, the GABA molecule, and a stainless-steel engraved electron micrograph or, more recently, a drawing of David’s scheme representing the neuron as a secretory cell. The lectures were initially only in neuroscience, but from the time of the relocation of our group to the Department of Pharmacology in 2016, they were opened to all areas of pharmacology. Nominations are made by group leaders and voted on democratically. We have been honored by outstanding scientists giving stimulating lectures, in chronological order: Antoine Triller, György Buzsáki, Tamas Freund, Ryuichi Shigemoto, Ann Graybiel, Peter Jonas, Ivan Soltesz, Tomas Hökfelt, Andreas Björklund (see Volume 10), Zoltan Nusser, Jean-Marc Fritschy, Thomas Sudhof, Andreas Luthi, Hannah Monyer, Tim Bliss, Hugh Williamson, Anette Dolphin, John Hardy, and Thomas Klausberger (in 2025). The lectures are followed by a dinner in one of the colleges and are attended by David Smith (www.pharm.ox.ac.uk/seminars-and-lectures/david-smith-lecture).

As the founder of the lectures, I could not accept giving one, but in recognition of the 50th anniversary of the publication of our first paper with David Smith (Somogyi et al., 1975), I accepted his and the department’s invitation to give a special lecture on June 5, 2025: “50 Years with David Smith on Location: From Chromaffin Granules to Neurodegeneration via Synapses” (https://ox.cloud.panopto.eu/Panopto/Pages/Viewer.aspx?id=4e264046-7b68-4d6d-b6d6-b30100806329).




Participating in the Hungarian Academy of Sciences, 2004–2021

I have a strong Hungarian identity and dual Hungarian and British (1995) citizenship and feel responsibility for both people. I have been supporting numerous Hungarian students and scientists, and three of my students, Tamas Freund, Gabor Tamas, and Zoltan Nusser, are members of the Hungarian Academy of Sciences and among the top scientists in Hungary. Membership of the Hungarian Academy of Sciences (the Academy) is a much sought-after recognition of scientific achievement in Hungary. The Academy was founded in 1825 at the initiative of Count István Széchenyi, who offered a year of his personal income to support it, and other nobles joined in with donations to support science and the nurturing of the Hungarian language. Széchenyi traveled widely in Europe, including Great Britain, and his mission was to promote scientific research and develop the Hungarian language for scholarly use. Nomination for membership is only by members and is a complex process with many conditions—for example, there can only be 365 members at any one time, which is ironic as life expectancy is increasing and scientific research is expanding in the world. The Academy includes the whole spectrum of learning, natural sciences, and humanities as well as law and economics, and until recently, it was directing the national research institutes.

I was nominated at an unusually young age of 42 by a distinguished group of academicians, including professor Janos Szentagothai, who was president of the Academy at the time; my university zoology professor, Janos Balogh, who was a previous vice president; and the neuropharmacologist professor Sylvester Vizi, who later became president. At the time of the debate of my credentials in the Biology Section of the Academy, I was working in Oxford on unpaid leave from my job in the Anatomy Department, where I kept my affiliation. My formal boss was Jozsef Hamori who had ample personal experience of my generally critical attitude, and he informed the debate that I was a British citizen already, which was not true, but it excluded me as a candidate for election. I had not even applied for British citizenship until then, but nobody bothered to ask. The meeting concluded that while recognizing my scientific contributions, as a foreign national, I could only be elected as a foreign member, which was considered a great honor, but gives no voting rights for the member in the Academy’s business, a critical issue for those who may wish to influence proceedings and decisions. I was saddened by the obvious intent of exclusion and declined the honor, as I would have been the only Hungarian citizen ever elected as foreign member. Later in 2003, when Sylvester Vizi became president, he proposed a new nomination, which was led by my previous student and colleague academician Tamas Freund. The Biology Section finally honored me with membership in 2004.

The Academy was, and remains, a conservative institution rooted in feudalistic traditions and rituals, where connections and alliances play a great role in both nominations and the allocation of funds, as they do all over the world. However, unusually in terms of international practice, since 1989 following the collapse of the Soviet Union–maintained regime, when academic salaries were very low, the academicians receive a significant monthly stipend for life on top of their normal salaries or pensions, irrespective of their continued work. This provides a high incentive to become a member and a potential for feudalistic dependence of candidates from nominators. Using my own stipend for travel from Oxford, I attended monthly Biology Section meetings, met outstanding scientists, learned about brilliant scientific advances, and attempted to propose the introduction of reforms. These attempts mostly failed and can be summarized in three themes. First, I proposed the introduction of international peer review for all decisions and selections involving funds, such as scientific grants, academy membership, and senior posts at research institutes. Second, in 2016, when not a single female candidate was elected for membership and the total female membership of the Academy was 7 percent, I documented and published the historical injustice of discrimination of women, demonstrating that at the rate of their election, it would take 150 years for women to reach 30 percent of membership. I proposed a mechanism for change. Hungary historically is a paternalistic, semifeudal society. A well-intentioned debate ensured, but the leadership ignored their responsibilities, and little has changed. My third effort was directed toward persuading the academicians to give up, selectively and gradually, their stipend that we received from the government, as it hampered the representation of academic values independent of the directions of the political wind. My proposal created a great outcry, but soon enough, the consequences of being on the payroll of the government became apparent. The only success I can show for my labors was the election for honorary membership of my colleagues Alan Cowey from Oxford and Werner Sieghart from Vienna, both of whom gave great inaugural lectures at Budapest.

In 2018, the government initiated the confiscation of the assets of the national research institutes that were legally the property of the Academy, and the taking over their management, justified by claims of improving efficiency. However, the government’s real goal was to bring all academic activity and education under political control and generally to intimidate academics. The mechanism they invented was “to borrow” the buildings and research equipment at zero rent and force the researchers to resign their employment rights, and then reappointing them on the same day under much less secure conditions. The plan worked, as I concluded in a lecture to the General Assembly: “We Have Become a Country of Fear” (Somogyi, 2019; in Hungarian and English, https://mersz.hu/dokumentum/matud_430/#matud_f17649).

There were some protests. The then President Laszlo Lovasz tried to negotiate, but because of the intimidation, fear, and opportunism of the academics, the institutes were eventually brought under political control, which was increasing by the day until the fall of the Orban government in 2026. The ensuing mismanagement that followed has damaged morale, reduced output, and has led to an exodus of scientific talent from the country as well as accelerated the lack of applicants for science education and careers. In the subsequent election for new leadership, including the president, there were two internationally outstanding natural scientists as candidates. I gave a speech at the General Assembly on December 2, 2019, warning my fellow academicians of the government’s damaging actions and the potential consequences of the election (Somogyi, 2020). I intended to publish my speech both in Hungarian and English, the latter to inform the foreign and honorary members. The article was accepted in the Academy’s official periodical, Hungarian Science, so I circulated it to all academicians. Without informing me, President Laszlo Lovasz and Tamas Freund, the vice president for life sciences, agreed to pressure the chief editor and fellow academician Professor Andras Falus to cancel my article, effectively censoring it to prevent debate, which could have irritated the political regime. My speech that they both heard in person without objection could not appear in the Academy’s periodical and was published in full on an online forum Qubit (Somogyi, 2020, in Hungarian and English, https://qubit.hu/2020/02/25/oxfordi-akademikus-orban-viktor-kormanya-masfel-eve-rombolja-a-tenyeken-alapulo-bizalmat).

In 2020, members of the Academy elected Tamas Freund as president, who previously as vice president wrote to Prime Minister Viktor Orban without the knowledge of the presidium, apologizing for not having been able to get rid from the Academy of “unproductive social scientists” critical of the government. His letter became known before the election to the electing academicians and other representatives. I found the conduct of the newly elected president unacceptable and realized that Tamas Freund’s support of the government’s actions would prevent me from working for any reform. I resigned my membership after his election on August 1, 2020. Nevertheless, I maintained my honorary, unpaid post and affiliation at the Institute of Experimental Medicine in Budapest, where I was invited by the then director Professor Sylvester Vizi when my previous boss Jozsef Hamori sacked me from Semmelweis University. Several of my pupils joined the institute and I collaborated with scientists, and thus I considered myself not only a British but also a Hungarian scientist, which was very important to me. This came to a sticky end with my final humiliation of being dismissed by the director of the institute, my previous Oxford graduate student, Zoltan Nusser. He justified it by Orban’s latest “catch-all law,” mandating the resignation of all employees to make them more dependent under a new regulatory regime, and those who did not resign “voluntarily” were dismissed. I did not sign my resignation in a symbolic act of resistance to authoritarian control but instead asked Zoltan for any other position to maintain my Hungarian scientific affiliation. I received none and ceased to be an affiliated Hungarian scientist on December 31, 2020.




Epilogue

I hope that through hard work and dedication I have contributed to a better understanding of the brain. This history does not contain all the controversial events in my life, as it is difficult to document them briefly. The main regret I sometimes have is the time and energy I spent on conflicts with colleagues, superiors, and administrators at the expense of creative thinking and research. I cannot tell how many of these conflicts could have been avoided with more wisdom on my behalf. On balance, I think my personality is unusually sensitive to noticing and objecting to dishonesty, injustice, and scheming, which others manage to put to one side without getting involved. Sometimes, I raised issues mistakenly and had to live the consequences. At other times, I was right but lacked the wisdom and power to change things and lost many sleepless nights in vain (e.g., Somogyi, 2019). I must consider myself lucky in how much I achieved in spite of all the turbulence in my life. The students, postdocs, and visitors who I trained and the collaborators I interacted with as well as the unknown number of scientists whose work I influenced will continue to use and develop the knowledge to which I contributed. This ensures the immortality of scientists, as even after their names are forgotten, the knowledge they helped to produce becomes part of the universal scientific culture of mankind.
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Semir Zeki

I breathed neuroscience at a relatively early age, when I listened to J. Z. Young’s 1950 BBC Reith Lectures, entitled “Doubt and Certainty in Science.” I cannot claim to have understood much, if any, of it and cannot now recall its details. Yet it stimulated me to want to study the brain. Years later, I applied to University College London (UCL) to read medicine with the hope of studying under Young (see volume 1), popularly known as JZ. I applied to the medical school but the subdean rejected me. I therefore applied to UCL to read anthropology instead, a topic in which I had a vague, but not profound, interest.

For my first day, UCL had chosen an “inspirational” lecturer who promised yawns; I went instead to another college of my university, the London School of Economics; they had invited Bertrand Russell, an altogether more enticing prospect. Of that lecture, I recall this advice: First, “do not waste your time going to lectures, which are relics of medieval times when there were no printing presses; spend your time in the library instead”; and, second, “if you want to be happy, you must come to believe that this is a very wicked world.” I cannot remember now whether he added, “because things are not always as bad as you might expect,” but that is the gist of what I retained.

I accepted the second piece of advice and have adhered to it ever since, developing a view of this world as a deeply wicked place, which has indeed made me a happier person. Not so the first, because I had entered an institution (UCL) that had brought under one roof some of the most formidable talents in the land—among them JZ in anatomy, Peter Medawar in zoology, Andrew Huxley (see volume 4) in physiology, Kathleen Lonsdale in chemistry, Bernard Katz (see volume 1) and Ricardo Miledi in biophysics, Nigel Barnicot in anthropology, A. J. Ayer in philosophy, Lionel Penrose (in what was then eugenics), and William Coldstream in painting; they were soon joined by Stephen Spender in English, Lawrence Gowing in art history, and A. J. P. Taylor in history; many were brilliant lecturers and, rather than skip their lectures, I instead waited impatiently for their next one.

Five among this extraordinary group (Barnicot, Young, Huxley, Katz, and Taylor) were to have a lasting influence on me; four were English, of whom two were from the high establishment and one from a dissident English family; one was a German émigré. All but one were scientists; all save Taylor were to become lifelong friends. They shared, or so I thought, three features—all were, to varying degrees, radical or revolutionary in their approach; all were supremely self-confident; and, yet, because of their high intelligence, all seemed to be somewhat apart in their societies. These characteristics enhanced their appeal immeasurably. Their major influence, especially that of JZ, was not only to encourage radical thinking based on fact but also to cross disciplinary boundaries—even if they seemed apparently remote from each other. They were to be joined later by an American, Edwin Land; he was perhaps the most radical of them all in his thinking; he transformed my views of color vision, with profound implications. He too was to become a lifelong friend.

Continual discussion has been central to my education and thinking—an unanticipated word here or a sentence there, sometimes uttered casually and sometimes deliberately, often changed the course of my thinking significantly. I could not have hoped for more extraordinary interlocuters than the ones I found at UCL. I have written this autobiography to convey, as well as I can, this interdisciplinary interaction, from trivial to high levels, and the UCL environment that nourished it.


Early Influences

My great fortune during my first year was to know Nigel Barnicot, a highly sensitive and brilliant if self-effacing man, who was instrumental in lifting physical anthropology, quite literally, from the fossil age to the genetic level. He was also an accomplished artist with wide literary tastes who, I sensed, was somewhat estranged from society. He enlarged my horizons immensely. He had a dry, sardonic, and very English sense of humor. This was coupled with a profound contempt for the many people at universities who ostensibly are interested in the pursuit of knowledge, but who, in reality, are more interested in seeking high administrative posts and the relatively trivial power that comes with it. I inherited this contempt, which has increased significantly over the years. But, despite my distaste, I was myself much later prey to this power vanity. I started negotiations with three prestigious institutions for headship of departments; I rejected one and was rejected by the other two. These rejections did me a huge favor; otherwise, I, too, would have been stuck in the ever-worsening nightmare of administration. I once said to Nigel, “I will never yield to administrators.” He replied, “But then you will become like them; you should instead say: ‘I will sometimes yield to them!’ ”

Together with Nigel, I attended coffee sessions every Saturday morning in the Biophysics Laboratory with Ricardo Miledi and Bernard Katz. This was a high privilege at my stage, and, though reticent at first, I came to engage easily in the hour-long coffee sessions, from which I learned a great deal of scientific gossip in the good sense. Later, after Bernard retired, I sheltered him in my laboratory for 24 years, until his death; he used to bitch to me in the morning in his heavy German accent, often using colorful language; I returned the compliments in the afternoon, with more guarded language. Whether what we bitched about was highly intellectual or very mundane, it was always made enjoyable by being laced with much, often coarse, humor. As well, Bernard, a refugee from Germany, had outdone the natives in mastering a style of clear, economical writing in English, believing that even the most complex phenomenon should be explicable in clear and simple language; he despised those who wrote otherwise. He made many stylistic improvements when I was writing my book, A Vision of the Brain, for which he translated for me many papers from the rich German literature. The discussions surrounding these translations became themselves a source of hilarity because many of their authors seemed to have elevated to perfection the art of bitchiness in describing their colleagues. But woven into these discussions was important scientific advice, to which I have tried to adhere with varying degrees of success.

These Saturday discussions had another favorable outcome; they led Nigel Barnicot to advise me to quit anthropology and switch to medicine instead, which relieved me immensely. He arranged it with JZ that I should get into medical school; JZ, who was then the dean, seemed only too keen to overrule the previous objections of the subdean, possibly to show the latter his evident contempt. JZ said to me: “Go tell the subdean to give you a place.” I thus became a medical student in this roundabout way, through contempt. The subdean nevertheless took his revenge—he refused to give me a place for the clinical years—a revenge that ultimately worked to my advantage because I had by then concluded that, in medicine, once you have seen the first 100 patients, you have essentially seen them all.

JZ was my tutor during my undergraduate years and supervisor during my postgraduate years. A scientist and an educator to his fingertips, his charisma was much enhanced by a formidable lock of hair that he swept back at strategic intervals during tutorials. A descendant of Thomas Young, Britain’s 19th-century polyhistor, he was blue-blooded to his fingertips, had an impressive scientific genealogy, and possessed supreme self-confidence. A polyhistor himself, he turned his private tutorials into delightful wide-ranging discussions, seemingly among equals, that revealed his deep interest in the humanities as well. For my first tutorial, he asked me to read Sigmund Freud’s Civilisation and Its Discontents, which I in turn have since recommended to all my students. Eccentricity was part of his patrician manner; once when I approached him while he was walking, he said, “I can’t talk to you now; I am thinking.” On another occasion, Valentino Breitenberg, a neurobiologist, started his seminar with three slides, each showing the responses of neurons in tissue culture, analyzed by computer. JZ cut in: “Valentino, is this interesting?” he asked; Valentino said, “No, not really.” That effectively ended the seminar. JZ was also a master at delivering the acerbic English comment with deadly precision, once confiding in me about a colleague: “Now that [his] English has improved, he has become rather irritating!”

I possibly learned more from JZ than from any other of my university teachers. He gave mesmerizing lectures by reading them all out, from beginning to end. His Wednesday morning lectures, entitled Introduction to the Study of Man, were exhilarating in their breadth and insight, inspiring generations of medical students. He was always radical in his thinking and provided me with insights that came to fruition years later, when I started my course in neuroesthetics at UCL.

Andrew Huxley, my undergraduate tutor in physiology, was altogether different. Descended from the Huxleys and married into the Wedgwood family, he had worked on developing radar control of anti-aircraft guns during World War II. The equal of JZ in self-confidence, he was master of all in his passion for calculation; like Charles Darwin, he had confidence in nothing save measurement. Some thought that he took this passion to unreasonable heights, even bringing his formidable intellect to measuring the cubic capacity of commercially available fridges when someone in his department asked to purchase one. He once used a measuring stick in the dead of night to ascertain the dimensions of a room that was to be shared between his department and anatomy, claiming his fair share next morning to the immense irritation of JZ who had thought the matter had been settled in his favor. Known as “hawk-eye” for the speed with which he detected the slightest error in any diagram or argument, he had put his formidable talents for quantification to one of the most formidable problems in neurobiology—the mechanism of conduction of the nervous impulse—a problem he had solved together with Alan Hodgkin (see volume 1), their work having been much eased by JZ’s discovery of the squid giant axon. To achieve this feat, he had undertaken calculations on an industrial scale, perhaps as much as a quarter of a million, using a calculating machine that he had designed, which he demonstrated to me with pride in his rooms at Trinity College, Cambridge, long after he had retired from UCL. Having designed and built his own microtome as well, he cared nothing for scientists who purchased scientific instruments instead of building their own; like many of great ability, he overestimated the capacity of others. Ray Guillery, an anatomist, once sought his help to secure a grant for purchasing a microscope; Andrew said, “I can show you how to grind the lenses and put them together to make a microscope yourself. You need not apply for a grant.” He was fearsome in the legendary UCL faculty colloquia, undertaking detailed measurements while some panicked junior member was discoursing. Andrew’s in situ calculations often uncovered dramatically an error in a speaker’s conclusions. Often, but not always; on one occasion, Andrew made furious calculations while a speaker was lecturing on the cochlea and, based on these, challenged the speaker’s conclusions. The speaker, unlike most biologists, knew enough mathematics to question Andrew’s intrusion. Andrew saw his error immediately and said, “Oh, I had been assuming that the cochlea is infinitely long!”

There was a downside to Andrew Huxley’s obsession with measurement. Although he believed that the only two topics that could not be explained with clarity in 50 minutes were quantum mechanics and particle physics, he rendered his own physiology lectures impenetrable, by sandwiching his arguments between layers of incomprehensible mathematical formulae. Sometimes they became so difficult to follow that I imagined myself in the position of captive attendees during the reportedly long and boring recitals given by Emperor Nero; many feigned death to be taken out of the room, and some feigned it so well that they were actually buried!

Superficially, Andrew’s talents made him unapproachable but in private, he was a charming and generous host; unlike what many supposed, he was well read outside science, and we shared a common interest in the writings of H. L. Mencken, the Sage of Baltimore, whose humorous and cynical articles, displaying impatience with “the charlatanry of the learned,” were to have a lasting influence on me. Our relationship continued until his death and, when my son was studying at Cambridge, he made a habit of inviting him regularly to Sunday lunch.

Andrew taught me, like none other, the inestimable value of scientific rigor, down to the most minute detail but one whose level is strictly tailored to the problem at hand. He also veered me away from insoluble problems. One such problem was that of consciousness, which he found interesting but too complex. I accepted this advice and stayed clear of the problem, with minor incursions years later into whether activity in single visual areas can acquire a conscious correlate.

A. J. P. Taylor was not a scientist but a historian who has been described as “the Macauley of our age.” He had come to UCL when denied a lectureship at Oxford, ostensibly because of controversial views expressed in his radical book The Origins of the Second World War, which has since been accepted as a masterpiece of historical writing; more likely, it was because of his iconoclastic brilliance and regular television appearances that brought him fame and reportedly significant earnings, thereby exciting the envy of many. I attended his lectures regularly but had only one personal, although highly entertaining, encounter with him, at a dinner organized by JZ. Wearing a flashy bowtie, he started his lunchtime lectures punctually at 1:10 p.m. and left precisely at 1:55 p.m. without using a single note from beginning to end, in contrast to JZ. His lectures were commonly crafted to start or end dramatically; one, on World War II, began thus, “Mussolini entered the war because he thought that the war was over and was fearful of losing a place at the top table.” He was commonly radical in his thinking; he came up with the extraordinary, although cogently argued, view of the logistics of the Great War; he claimed that the long deliberations in the British War Cabinet—by men “mostly entirely ignorant” of their subject—changed suddenly when they were made aware that trains, unlike horses, could not change course midway to their battle destinations. This turned generals into masters of railway timetables. It is a view that formed the basis of his book War by Timetable. His lecturing style influenced me deeply, if only because his brief, simple sentences were so confident; I was to find out later that each carried a huge wealth of knowledge, of which they were elegant summaries, the tip of the icebergs of knowledge.

These, then, were the five men who provided the intellectual basis for my formative years at UCL. Collectively, they gave me an education like no other.




My Beginnings in Research

My first year was, as one might expect, full of fun and parties with little time for studies. This was reflected in the miserable results I obtained, earning me a stern rebuke from the new dean but also acting as a wake-up call. Having been deprived of a place in the clinical years, I was desperate to do well and gain a bachelor’s degree in science. I started working at 4 a.m. every morning; this effort earned me a university scholarship in the final preclinical examinations and the chance to spend an extra year studying a subject allied to medicine. I chose anatomy, principally because of my hope that JZ would be my tutor, which indeed he became, offering me immense opportunities. I never looked back except to write, years later, a flattering review of a book that the subdean who had rejected me for the clinical years had coauthored.

JZ left the choice of research topic to me and my choice was dictated by three factors: my interest in the workings of the cerebral cortex, my interest in vision, and my profound distaste for working in large groups. I was, and remain, a strong adherent of Jean-Paul Sartre’s dictum that, “L’enfer, c’est les autres”! Most who were working on the visual brain then were doing so on the primary visual cortex (area V1), which receives the predominant visual input destined for the cerebral cortex. Much of this work was of little interest to me; the psychophysics linked to it was especially tedious. David Hubel (see volume 1) once remarked memorably that, “psychophysics is usually correct but boring and physiology is usually wrong but exciting.” In fact, for me, David Hubel and Torsten Wiesel (popularly known as H&W), were doing the only radical and dramatically interesting work on V1. The pioneering work of clinicians and physiologists had determined the very precise way in which the retina is mapped onto its surface and how damage to it leads to blindness, which led most to assume, quite reasonably, that the cells of V1 respond to light. They were wrong. H&W showed that they respond to transformations in light energy between one small part of the field of view and its surrounds, a transformation that has a form and an orientation. They were, in brief, orientation selective cells; they had varying degrees of complexity, leading H&W to conclude that the visual brain “analyzes” the visual field in a serial, hierarchical manner at ever more complex levels. Since my (later) results emphasized parallel, rather than serial, processing as the major modus operandi of the visual brain, I was to disagree with them, not only about the processing strategy used by the visual brain but also eventually about whether the brain “analyzes” the visual field at all. The view I developed gradually was that the brain creates the visual image from the signals that it receives, rather than being a passive chronicler that simply analyzes the visual image. Given my huge admiration for H&W, I never contradicted them publicly; this perhaps worked to my disadvantage. But my intellectual disagreement with them never diminished my intoxication with their work.

Had I not hated crowded areas, I may well have worked on V1 because of my infatuation with H&W’s work. But I sought my own, deserted, territory and opted instead to work on the cortex surrounding V1, often referred to as the prestriate or extrastriate cortex (since V1 is also known as the striate cortex). Because of this self-imposed isolation, I was the sole author of most of my papers until the early 1980s. The prestriate cortex was, at that time, a largely neglected cortical area, commonly referred to as “association cortex.” My isolation had a silver lining; I was left largely, if not completely, alone—a blissful state that I came to yearn for later, when the influx of so many into the field made it much too claustrophobic. Just as the title of Patrick Howarth’s book When the Riviera Was Ours suggests, I have often glanced back nostalgically on those blissful years when the prestriate cortex was largely mine, or so I felt.

Although JZ was my formal supervisor during my doctoral years, the day-to-day supervision was left to Brian Cragg, a wonderful and very critical colleague and, more remotely, to Jack Downer. Jack had established a monkey colony in the department and, though not really involved in experiments apart from teaching me and others how to operate on monkey brains, wanted to talk endlessly about the visual cortex; to him, this meant solely V1. These discussions always revolved around the position of the representation of the retinal fovea in V1 and always began with the statement, “Now that we know where the fovea is mapped in V1.” This assertion surprised me because that was an issue that I believed had long been settled. Soon these discussions not only became tedious but also made it apparent that Jack was not well. I now very much regret that I was not able to, and did not, offer him the sympathy he deserved as a fellow human. Whatever his shortcomings, and although he faded quickly from my life and from academia generally, he played a central role in my research by providing the facilities of a monkey colony. And although the doctoral work done in his laboratory was not spectacular, it very much laid the foundations for my future work.




Modest Beginnings in Anatomical Studies

My doctoral thesis revolved around the topic of the effect of lesions in prestriate cortex on the visual capacities of monkeys. It was examined in September 1967 by JZ and Larry Weiskrantz, for whom I had developed a fondness until I came to blows with the Oxford school over the so-called phenomenon of blindsight with Larry as the leading, but unintended, casualty.

I spent my postdoctoral years as a research fellow in the United States and began my work by addressing the question of how the anatomical connections from V1 to the surrounding, prestriate, cortex are organized. The prestriate cortex was generally and indifferently spoken of then as “association” cortex, although no one had studied associational activity there; it was so named because the stern and eminent German anatomist Paul Flechsig had called it so. His nomenclature was based on the insight that he had derived from his myelogenetic studies. These studies had shown that, except for a small and significant subdivision (Feld 16, to be discussed), the cortex surrounding V1 was not fully myelinated at birth; rather, it myelinated gradually after birth, as if its maturation depended on the acquisition of experience. Flechsig saw in this pattern deep philosophical insights, dismissing all contrary views as being “totally useless from a scientific point of view.” Without imputing any specifically visual functions to it, he referred to his association cortex as the Cogitatsionzentren and adopted grand ideas implied in this nomenclature; these ideas seemingly licensed him to explore major philosophical issues, one in an article that was somewhat grandiosely entitled “Gehirnphysiologie und Willenstheorien (Brain Physiology and Theories of the Will).” Speculative he may have been, but his nomenclature is testament to a profound insight. For it turned out that the activity within the visual areas of the prestriate cortex, described by me and others, is in significant measure the basis of visual experiences.

David Whitteridge, then professor of physiology at Edinburgh and known as a man with a “high IQ and a low pH,” had been instrumental in encouraging me to undertake these anatomical studies when I started my postdoctoral work at the National Institute of Mental Health (NIMH) at Saint Elizabeths Hospital in Washington, D.C. Ezra Pound, principal mentor of my favorite English poet, T. S. Eliot, had been incarcerated there; this swelled my vanity into supposing that I could become a poet as well as a neurobiologist; a couple of weeks at Saint Elizabeths Hospital soon disabused me of the idea. This was all part of a youthful, if unrealistic, hope when looking forward to a romantic future, for I got married before leaving London. We left for New York on the magnificent SS Le France; before docking, it sailed majestically past the Statue of Liberty. That was a moving moment; I had arrived in the land that had provided so many with hope and opportunity; it promised to provide me with one too—and did.

I started my anatomical work at the National Center for the Prevention and Control of Alcoholism of NIMH. This may seem surprising; I was neither an alcoholic nor much interested in alcoholism. But I had been recruited by Nancy Mello, the effective director of the laboratory. Somewhat improbably in such a setting, she was interested in anatomical connections of pigeon brains, when she was not trying to get them, and monkeys, drunk. She wanted especially to determine the interhemispheric connections of the pigeon optic tectum; as she saw it, the topography of these connections would account for the mirror-image transmission of information between the hemispheres that her behavioral studies had suggested. The “deal” was that I would spend the first part of my year there charting these intertectal connections; once done, I could concentrate on my real interest—the anatomical connections between V1 and the prestriate cortex in rhesus monkeys.

It didn’t happen that way; after studying some 20 pigeons, I could not find the anticipated intertectal pathways. Nancy was incandescent; she believed that I had deliberately sabotaged her work to pursue mine. After some banging of telephones and slamming of doors, it was decided that I could pursue the original plan minus the pigeon intertectal connections; this was largely because Max Cowan (see volume 4), who knew a thing or two about pigeon brain anatomy and could recognize the nonexistence of connections where there were none, had also been unable to find these connections. Thereupon my relations with Nancy thawed and remained cordial until I left to take up a second postdoctoral position, with Ray Guillery, at Wisconsin University.

Despite all the powerful irritations—on both sides—and of my strong disavowal of the motives that Nancy imputed to me, she nevertheless encouraged me to continue my work on monkey brain connections, which resulted in my first paper on the topic, in 1969. Although I lost contact with her after leaving Washington, D.C., I always remained grateful to her for providing me with the opportunity to undertake these studies, which laid the foundation for my future physiological work.

At that time, the only work on the connections between V1 and the prestriate cortex was the pioneering study published by Hans Kuypers and his colleagues; they had made large lesions in V1 to trace its connections to the large surrounding prestriate cortex; they had shown that large V1 lesions result in a distribution of degenerated fibers in a correspondingly large portion of prestriate cortex; and they named the latter the circumstriate cortical belt (CCB). The undoubted importance of their study nevertheless left me with the need to study the finer details of these connections. How could I refine their work? Given the precise representation of the retina in V1, I made small, separate lesions along the representation of the vertical and the horizontal meridians, as well as the fovea, in V1 and traced the anatomical connections from them to the prestriate cortex. The results, when reconstituted, showed that there are, within the CCB, two areas in front of V1, with the representation of the horizontal meridian in V1 splitting to form a boundary between them. Such an arrangement was baffling because it was so unexpected; it absorbed me for weeks, and I consumed many packets of cigarettes, but I could find no other interpretation. Finally, throwing caution aside, I published the work in 1969. I referred to the two areas as 18 and 19. This was unfortunate; I had been uncritically influenced by the nomenclature of the German anatomist Korbinian Brodmann and of H&W. I later changed the nomenclature to V1 and V2. Results very similar to mine were published later by John Allman and Jon Kaas (see volume 9), in 1971. In fact, both were also working at Wisconsin but in the physiology department. I now regret that my interaction with both, when all three of us were working at the same university and on the same problem, was minimal. They are scientists whose work I came to admire, even staying with John Allman at his home in California, where one of the lemurs with which he shared his home surprised me by sneaking into my bedroom and making some very rude gestures.

There was another area that I highlighted in my 1969 paper; this was also located, separately, in the CCB, in the posterior bank of the superior temporal sulcus and thus relatively removed from V1; I later labeled this area V5. This same area was also highlighted by Allman and Kaas, in a separate paper published in Brain Research in 1971. V5 had an interesting history, unknown to me and indeed seemingly to anyone else then, presumably because no one had seen its significance then. Paul Flechsig had designated what turned out to be the equivalent area in the human brain as Feld 16; unlike the areas surrounding it, this area was partially myelinated at birth. Significantly, Konstantin von Economo and Georg Koskinas had, in their atlas of the cerebral cortex, labeled this area as Augenbewegungen, meaning eye movements. Imprecise though this terminology was, it seemed to fit loosely with my later discovery that this was a distinct cortical area specialized for detecting visual motion.

My anatomical studies continued in the University of Wisconsin, in Ray Guillery’s laboratory; I much enjoyed Ray’s sardonic sense of humor and cynically critical questioning of almost everything. There, I traced further anatomical connections between visual areas, including to an area I named V4; this, together with the area adjacent to it, which I was later to name V4a and include in the V4 complex, was to become significant in color vision studies. All these areas were located within the CCB, which therefore consisted of many visual areas. Although I later added other visual areas, such as V3A and V3B as well as V6, all my early theorizing about the operations of the visual brain is essentially centered around my studies of the anatomy and physiology of areas V1 to V5.

The mapping of these areas established the first principle I put forward—the multiplicity of visual areas outside V1. This was not entirely novel. H&W had already recorded from visual areas outside V1 in the cat in the 1960s; they had postulated that the serial hierarchical strategy that they had discerned in V1 continued in them. These studies had not led to the same brilliant advances that their studies of V1 had. In a statement of disarming honesty, Wiesel was to write later that their explorations “of the properties of cells of higher visual areas beyond the primary visual cortex [was one] that each of us eventually regarded as a failure,” hinting that this may have been a reason for ending their extraordinary partnership.

The novelty of my work and its significance thus lay less in my discovery of multiple visual areas outside V1 in the monkey and much more in coupling that discovery to the physiological characterization of the areas that I had defined anatomically. It is this that led me to propose, for the first time, that the visual cortex processes different visual features separately and in parallel (see the section “Recordings from Areas V3 and V4 and Establishing the Principle of Parallel Processing in Separate Specialized Areas of the Visual Brain”).

Because the academic world has changed so much since those days, it is worth recording that none of those whose labs I worked in, and all of whom gave me invaluable help and advice, ever asked for their names to be on my papers, even though each, in today’s terms, would have had a legitimate reason for doing so.

I returned to England in late 1969 and, in 1972, I began to present my results at meetings. In one of these, Hans Kuypers, later professor of anatomy at Oxford, approached me in a state of mild irritation; he said, “There is nothing that your small lesions have shown that our large lesions have not shown.” I replied, “You are correct. But there is something that your large lesions have shown that my small lesions have not; therefore, my small lesions have shown something that your large lesions have not.” If my response sank in, it must have been well after our conversation.




Callosal Connections and the Origin of Cortical Flat Maps

Ronnie Myers, then studying the connectivity in monkey brains in his monkey colony in Puerto Rico, had suggested an ingenious idea—that the pattern of distribution of degenerated fibers in the hemispheres following sections of the corpus callosum, which links the two hemispheres of the cerebral cortex, might be a useful guide to the manner of representation of the vertical meridian in the visual brain. This concept was based on the well-founded assumption that the corpus callosum links the representation of the midline across the two hemispheres. I extended this approach to study the pattern of callosal connections in large areas of the prestriate cortex; in some zones, the pattern was confined to narrow strips, suggesting an orderly representation of the vertical meridian and hence of the visual field; in others, it was more widespread, implying a less orderly representation. Later, I started physiological recordings combined with anatomical tracings; these were designed to determine the receptive fields of cells recorded, to locate their position in the cortex, and to relate that position to the distribution of degenerated callosal fibers in the visual cortex and hence the representation of the vertical meridian, produced by sectioning the corpus callosum. It was, at that time, the most rigorous way of mapping the “representation of the visual field” in the visual areas of the prestriate cortex. The first of these studies was done with David Sandeman, a supremely enthusiastic undergraduate student who later became a neurosurgeon and has remained a good friend. Based on this pioneering study, I undertook further studies to better visualize the relationship of recorded points to the geographic distribution of the visual areas, determined through their callosal connections. This led to the preparation of the first flat two-dimensional maps of the visual cortex, which I published in 1977. I later developed this approach further with David Van Essen (see volume 9), who came to my lab as a postdoctoral fellow in 1975. These maps, which Van Essen was to develop greatly after leaving my lab, were very time-consuming to prepare; they seemed to me to be very valuable then. I became less sure of their value for my subsequent studies and did not pursue the effort.

In the 1980s, I studied the connectivity between the areas I had defined anatomically in more detail, with Stewart Shipp who came from Cambridge as a doctoral student and continued in my lab as a research fellow for several years. Stewart was second to none in his pursuit of the most minute detail, which at times frustrated my more mercurial and impatient personality. But he was one whose word was usually based on prodigious study and profound knowledge. Together, we combined anatomical tracing methods with the cytochrome oxidase (metabolic) staining technique, pioneered by Margaret Wong-Riley, to show regions of high metabolic activity in the cortex; we traced the detailed forward and backward connections from V1 to the multiple visual areas outside it, as well as the reciprocal connections between the latter areas. We related all these connections to the metabolic architecture of these areas. We were not the only ones to do so; similar studies were undertaken by other groups in the United States. We summarized our results in a 1988 Nature article entitled “The Functional Logic of Cortical Connections.”




Early Beginnings in Physiological Studies

Long before charting with Stewart the more fine-grained anatomical organization of the areas I had defined, I wanted to characterize them functionally by recording physiologically from their cells. Being under the spell of H&W’s work, I imagined that I could show how their proposed serial hierarchy progressed in the areas of the prestriate cortex that I had defined. But I did not know how to operate an oscilloscope to record from cells. Most who I approached for help were, reasonably, reluctant to teach me; rather less reasonably, they advised me to begin by reading the Tektronix oscilloscope manual in detail, a prospect as exciting as reading the Bible in ancient Bulgarian. Fortunately, my lab was adjacent to that of (Eu)Gene Merrill, whose high proficiency in electrophysiology was matched by his equally high irritability and thrombotic dislike of being disturbed. But we often had tea together, and I eventually succeeded in trying his patience so much that he accepted to teach me how to record from single cells. This game-changing moment, for which I am eternally grateful to him, was coupled to another one. Ron Dubner, from the NIH, had come to work with Pat Wall (see volume 3) and appeared to have much spare time. I asked him to join me in recording from the small area in the posterior bank of the superior temporal sulcus, which I had demarcated as a separate area in 1969; he jumped at the occasion.

The sessions spent recording with Ron were among the liveliest and happiest of my experimental career; they presaged memorable moments of recording excitement over many years, sessions during which the cells responded as if they were talking to me; I could not hear enough of their conversation. These modest beginnings were huge fun partly because results came in fast and early; they showed that the great majority of cells in that area are directionally selective and indifferent to both the form and the color of the stimuli—it was, in brief, a cortical area selective for detecting visual motion. This was surprising; it was a significant departure from my expectation of finding a continuation of H&W’s serial hierarchical strategy well into the visual areas of the prestriate cortex. In fact, H&W had recorded from what many believe to be the homologous area in cat prestriate, the Clare-Bishop area; they, too, had found a preponderance of directionally selective cells there. But, wedded to their serial hierarchical doctrine, they were simply left “puzzled” as to what “further” processing occurs in that area. That puts into perspective Torsten’s statement that he and David regarded their explorations in higher visual areas “as a failure.” Our interpretation was otherwise—that it was not a “further” but a different and specialized processing that was occurring there. It showed me at once both the limits of the proposed serial strategy as a general one and the folly of adhering unquestioningly to inherited opinion. We published our results in 1971; it was the first demonstration of a specialized visual cortical area outside V1, an area that has since become one of the most studied of the cerebral cortex. It was a result that opened the door to a wider enquiry, for it implied that functional specialization may be a more general strategy used by the visual cortex. The rhesus monkey has excellent color vision. If in one of its areas all the cells are directionally selective and all are indifferent to the color and the form of the stimulus, then it follows that color and form must be processed elsewhere!

John Allman and Jon Kaas had used tungsten microelectrodes to record from clusters of neurons with the aim of determining the nature of the retinal representation in what has since become generally regarded as the equivalent area in the owl monkey, which they named MT; they did not study the properties of single cells there and did not determine its functional specialization. Today, many whose reading is restricted to titles, write of area MT as if the evoked potential study of Allman and Kaas had characterized this area in both the rhesus and owl monkey. My functionally specialized area in the rhesus monkey was later named MT by Van Essen, without any prior discussion with me. This makes it seem that, knowingly or unknowingly, one is being deprived of a unique finding, even if I have been given ample recognition for my functional characterization of that area. Van Essen remarks in his memoir that his nomenclature did not please me. And for good reason. As Peter Medawar wrote in a remarkable review in the New York Review of Books in 1963 on the discovery of DNA, “a scientist’s discoveries are his only real possessions”; to deprive him of it, as giving it a new name invariably does, is to do him an injustice. Naming an area confers ownership; I had been the first to demarcate the area as a distinct visual area and, together with Ron, had been the first to characterize it functionally. It really “belonged” to me in terms of priority; my mistake was not to have claimed paternity by naming it V5 at once, as I later did. Many may applaud, and defend, their use of the term MT; let them put themselves in my position and consider how they would react if the same thing happened to them.

The dark side of scientific research was beginning to dawn on me.




Recordings from Areas V3 and V4 and Establishing the Principle of Parallel Processing in Separate Specialized Areas of the Visual Brain

After Ron left, I recorded from the other areas that I had defined anatomically. Area V4 cells were dramatically different from those in V5; all the ones I initially recorded from there responded to some wavebands and not to others or to white light, suggesting at once that they process signals related to color. The cells of V3, in contrast, were mostly of the classical orientation selective type; I took this to indicate that they are more concerned with the eventual elaboration of form. Taken together, these results led me to develop further the idea of functional specialization and add to it the principle of parallel processing in the visual brain. I presented these results and the ideas I attached to them at a meeting at Saint Catherine’s College, Oxford, in September 1972. Of my description of a specialization for color, Hubel said: “You have discovered the philosopher’s stone!” It was a prescient remark, for color is deeply conducive to philosophical enquiry and intellectual curiosity. It is also an area of research that requires radical rethinking. But my elation at this compliment was soon deflated by another comment, made at the same meeting, by a very prominent (Italian) scientist; he thought that my description of the specialization of V5 for visual motion was “crap,” pointing to the earlier description of directionally selective cells in the rabbit retina by Horace Barlow and his colleagues. The comment was water off a duck’s back for me; I can laugh at it now because, in retrospect, it turns out to be of a piece with the account that Ezra Pound gives of an equivalent lack of insight by the tailor Blodgett, who prophesied that “sewing machines will never come into general use.” It is fortunate for the Italian scientist that there was no one else within earshot.

I published two reviews, in 1976 and 1978 in the Cold Spring Harbor Symposia and in Nature, respectively, summarizing my view that functional specialization and parallel processing are the modus operandi of the visual cortex.

That I should have been the first to suggest that parallel processing between multiple, specialized modules is the modus operandi of the visual cortex might seem surprising. One might have expected computer scientists to have been the natural source for such an idea. In fact, they had sniffed at the idea of parallel computers sporadically but had not made it mainstream; above all, they had never suggested that the visual brain, or indeed the cerebral cortex, might employ such a strategy. Their ecstatic devotion to parallel, distributed processing only surfaced in the mid-1980s with the publication of a book by David Rumelhart and his colleagues entitled Parallel, Distributed Processing. Why were they so late in recognizing the importance of parallel computing? Perhaps because in the 1970s there were no mature programming languages, perhaps because most computers were single processor, serial machines; perhaps because computer scientists had not understood the power of parallel processing, as Marvin Minsky and Seymour Pappert were to claim later in their book Perceptrons; perhaps because, at that time, the most influential strategy for visual processing was the serial, hierarchical one proposed by H&W. Whatever the reason, the book did not refer once to my work, which led to the concept of parallelism, although they did so to other work derived from mine, which implies that they had understood the significance of parallel processing as a cortical strategy. This left me aggrieved, as it would anyone who feels so blatantly ignored.

Anyone who thinks that I am oversensitive in claiming what is mine is correct; I am indeed. And for the same reason as given in Peter Medawar’s review. Nor am I the only one. Almost every scientist I have known is the same. Once, during a short-tempered discussion in my office with Francis Crick, I claimed priority over some discovery that he had attributed to others. Evidently annoyed, Crick replied with that loud laughter that had so irritated Sir Lawrence Bragg, “I am not interested in priorities.” I was indignant; I replied, “well, I am” and reminded him of the incident recounted by Jim Watson in The Double Helix, of Francis’s fury at not being credited by Lawrence Bragg and Max Perutz for an important mathematical idea that he had propounded on polypeptide chain configurations. Watson relates that Francis had rushed in fury into Bragg’s office to demand an apology. After this reminder, Francis and I continued our discussion more equably, and I developed an admiration for how quickly he backed down once he had realized the merit of my response, or so it seemed. In this basic instinct of ownership and possession, described by Peter Medawar “not as possessiveness but as pride of possession,” the same rules seem to apply to all scientists, without distinction.




The Miasma of Color Vision

While visual motion was relatively simple and exciting, and visual form was (and still is) complex and difficult to study—the “philosopher’s stone” of color vision offered a more challenging problem, both perceptually and philosophically. My interest in color had started with my recording from the cells of V4; in my early recordings, the great majority of these responded selectively to some wavelengths and not to others or to white light. My further results showed that there are subdivisions of the V4 complex where the concentration of wavelength selective cells is very high and others where it is lower, although even here there was a significant degree of bias for one set of wavelengths or another; among the latter were orientation-selective cells whose tuning curves were much broader than their counterparts in V1, V2, and V3. Overall, the results suggested that V4 cells were specialized in processing signals related to color and color in association with form (orientation), thus reinforcing my views on functional specialization. I published this evidence first in 1973. Exciting though it was to see a preponderance of such cells in an area close but separate from V5, much the most exciting moments in my color studies occurred later when I encountered truly color-coded cells, using the methods of Edwin Land (see the section “The Sixth Man: My Encounter with Edwin Land”); the responses of these V4 cells correlated with color as judged by humans and monkeys; they were independent of the wavelength-energy composition of light reflected from their receptive fields alone; and some of them responded to colors when produced by shadows (colored shadows). The excitement I experienced when encountering such cells was often attenuated because the recordings were largely done on my own; there was usually no one to share the excitement with during the long nights or to lift my spirits when the recordings were unproductive, as they commonly were.

I began to present my new results on color vision and the cells of V4 with enthusiasm at public meetings from about 1979 onward. Now dark moments began to intervene; it became evident that the hostility toward Land and his theory was being transferred to me. I was not unprepared; Land, the seasoned recipient of color-related hate, had warned me of this eventuality. It first erupted publicly against me when, in 1980, I presented the results of my color studies at a Society for Neuroscience Symposium organized by Nigel Daw in Cincinnati. Someone sitting in the front row asked somewhat aggressively, “Who, besides you, has found heavy concentration of color cells in V4”? My response was ready; I said, “That is not an issue that will be decided by a democratic vote of the majority.” My response has long been remembered by many who have forgotten everything else about my talk. In fact, I was giving the answer that Bernard Katz had taught me to use in such arguments, having used it himself on some previous occasions.

This hostility continued into 1983, when at a meeting of the Physiological Society (at Saint George’s Hospital Medical School), I gave another talk on the responses of color cells in V4. Horace Barlow, in a state of high agitation, said, “You are pretending that color is done by magic; you are making propaganda.” I asked, also in a state of agitation, “Propaganda for whom?” Horace replied, “for the color constancy boys.” I replied, “Horace, they do not need any propaganda.” His use of the word “magic” was interesting; it was the very same word that Gordon Walls had used earlier to stigmatize the work of Edwin Land. The incident is somewhat laconically recorded in the minutes of the Physiological Society of 30 March 1983, page 42 (now deposited at the Wellcome Trust London) as showing that “some agreement was reached in discussions between S. Zeki, H.B. Barlow, and D. Whitteridge as to the relationship between the wavelength of light reflected from an object and the colour that is perceived.” I do not recall, however, reaching any agreement with Horace on color vision, either then or since (David Whitteridge merely intervened to say that the issue was an important one for discussion). The incident is worth alluding to because it reveals how out of the mainstream views in studies was the central issue of constant color categorization even as late as the 1980s.

This hostility was not unexpected. I had been warned of dark mutterings by Mathew Alpern, an eminent scientist, highly knowledgeable in color studies. He was a frequent visitor to my laboratory and surprisingly hospitable to my less than conventional views on color vision, given his own traditional outlook. Word also reached me of seminars at which my work on color had been trashed; in one, at MIT, it had been denounced so aggressively that Simon Levay had asked whether it was appropriate to attack in this way someone who was not there to defend himself. A request had even been made to Mat Alpern himself from Dr. de Monasterio, one of the authors of a forthcoming paper questioning my work, to acknowledge Mat’s help in their paper, when Mat had apparently given none. Mat was displeased; in a response to de Monasterio dated July 13, 1981, and copied to me, he wrote: “It seems quite inappropriate for you to acknowledge me in this way,” since “I gave you no help except to listen politely … to your interesting results. … So, as flattering as the prospect of associating my name with yours in this case is, I cannot allow it.”

Finally, in 1982, that paper appeared in the Journal of Neurophysiology. Reading it after an interval of over 40 years, there is not much in it to offend, apart from its title and its suggestion that the democratic rights of the majority count, even in science. Perhaps it seems innocuous today only because it actually turned out to be so innocuous in the longer term. But in the very short term, it nevertheless created a disturbingly hostile attitude toward me. Old and well-liked friends displayed their glee publicly at what they assumed was my discomfiture (see Kelly et al. 1982); others did so during personal encounters. They were correct in believing that I had been discomfited, but they did not know its extent; far more disturbing than their glee was that the Science Research Council (SRC), which had supported my research until then, decided to cut my grant in half, giving as reason the inability to confirm my findings on color. This rather shocked me and sent me into despair; how could the results from one lab, without corroboration from other labs, lead to such an extreme outcome? I thought: Bertrand Russell had been correct; this is indeed a deeply wicked world. But, as Russell had also implied, there is often a silver lining to these dark moments. The Wellcome Trust, richer and more powerful than the SRC, stepped in to support my work, on a far more generous scale; they continued to do so for the next 35 years. I hold them, and especially Sir Stanley Peart, then a senior trustee, David Gordon, then a director, and Ben Bembridge, then director of their ophthalmology program, in special affection and very high regard. When all around me was dark, they had courageously said, “Give him a chance.” That remains a precious moment.

An equally unpleasant aftermath occurred when I submitted a paper to the Journal of Physiology, distinguishing wavelength selective cells from truly color-coding ones. The paper was rejected; one referee (I leave it to the reader to guess who that may have been) had sent in an improbable 19 pages of negative comments. The review began, “This is a long paper written in a pedantic style … [it is] not worth publishing even in a journal that does not require peer review.” I vowed never to publish in that journal again and did not do so for another 25 years; my next substantive article there was when I was elected an honorary fellow of the Physiological Society in 2012 and invited to deliver the Paton Prize Lecture in 2021, which I devoted to color vision. This is worth recounting because it shows again, as Russell implied, that there is always a silver lining somewhere. A distinguished member of the Physiological Society (I believe it was David Whitteridge) was disturbed by the rejection and the way the paper had been handled. He had discovered that the handling editor had sent my paper to one of my adversaries for review. Deeming it unbecoming conduct, the Physiological Society asked that handling editor to resign from the editorial board of the Journal of Physiology, for this among other reasons.

I eventually published my results in Neuroscience in 1983, to positive reviews. I dwell here a little longer on my misadventures in color vision, because they register a period of change in the approach to color vision, initiated, on the one hand, by Edwin Land’s theories based on psychophysics and, on the other, by my physiological studies which used Land’s stimuli and thus departed from traditional approaches. It is also partly because they mark, briefly, the only dark moments in my otherwise happy career, ones that increased my resolve. Finally, it is an interesting illustration of color vision as a traditional terrain for academic violence. Why this should be so is hard to tell; William Rushton, an eminent authority on retinal mechanisms of color vision, gave one plausible answer; he prefaced his Review Lecture on color vision for the Physiological Society in 1970 thus, “The trouble with colour vision is the mentality of those that write on it—and of those that read.”




The Miasma Begins to Unravel

Dark though these moments were, they were also short-lived. Murmurings of a different kind began to circulate, in particular that new research had uncovered that wavelength selective cells in V1 are localized within small regions of high metabolic activity (the cytochrome oxidase blobs) in it; thus, a localization for color did not seem so absurd anymore. These studies became the prelude to many others from many laboratories that, together with my earlier work, began to turn the tide in my favor where a localization for color is concerned. All this has rendered the1982 paper by F. de Monasterio and his colleagues irrelevant. My response to their paper, in 1983, did not go into any eristic detail; it was a statement of facts, as I saw them. It is my belief that the resolution of scientific disputes depends on third parties; it is wasteful for a scientist to repeatedly reassert that she or he is correct. And, in the end, it was third parties who supported my work and my ideas on the localization of color, especially the work of Bevil Conway and his colleagues, which added significantly to our knowledge in other ways, in particular by showing the separation of form from color in terms of cortical localization. If I were given the opportunity to respond today, to both the critics of my work on color and on neuroesthetics (see the section “Toward Beauty and Neuroesthetics”), I would simply ask those interested in the debate to listen to the section entitled “The Hero’s Adversaries,” from Richard Strauss’s tone poem Ein Heldenleben. My response would be found in that piece, sandwiched between the sneering chatter of the adversaries, appropriately represented by the woodwinds. But I do not consider myself to be a hero, far from it. It is just that the music fits the critics and the outcome so well. And it is much more edifying than writing a response.




The Sixth Man: My Encounter with Edwin Land

The excitement generated by studying color vision physiologically had really started when I got to know Edwin Land, who had asked to visit me in London. Nothing if not a radical intellect, he was not only a brilliant theorist in color vision but also the inventor of the polarizing sheet and the Polaroid camera. His inventions had led him to drop out from Harvard early, to pursue an independent career in invention and business. The latter had turned him into a very rich man, thus exciting the envy of many in academic pursuits who were living on more meager earnings, or so I supposed. No visual physiologists had bothered with his work; most color psychophysicists despised him and had nothing but contempt for his theory; many thought that his color “Mondrian” demonstrations were unduly ostentatious. Gordon Walls had written: Land’s results must seem “magical … to those who obtain their scientific information from popular magazines. This degree of verisimilitude secured so cheaply, by such simple means, is what piques the cupidity of those who now contemplate lower costs and higher profits in color photography, color television, and color printing, all as a result of Land’s research.” In fact, Land had started publishing his work on color in the Proceedings of the National Academy of Sciences.

The general contempt for Land interested me; the world of color psychophysics had not given me any remotely satisfactory account of how colors are generated. Could Land have better insight? Land became the sixth person to have a marked and long-lasting intellectual influence on me.

When Land first entered my shabby office in July 1978, accompanied by John McCann, his first words were: “I have known about your work since 1973 but have waited for it to mature before coming to see you.” He began by explaining his Retinex theory. With the exception of W. S. Stiles, most authorities on color vision had warned me against that theory. Stiles, who Mat Alpern regarded as “the greatest colour scientist of the century,” thought that I should restrict myself to using what he considered to be Land’s important methodology. Otherwise, the largely unsolicited but well-meaning advice that I had received when embarking on color studies after my discoveries in V4 was to concentrate on colorimetry and related topics; this included a careful reading of Color Science by Wyszecki and Stiles and a good acquaintance with MacAdam ellipses, a prospect as enticing as reading a great novel in ancient Sumerian. Being vulnerable in my ignorance and incomprehension, I took a dreary course in colorimetry at the City University, more suitable for those interested in color photography. I also read as much as I could about fancy theories of color vision, an enterprise so numbing that it would have been far easier to learn to read Chaldaic poetry in the original. I abandoned these studies when I began to realize their irrelevance to my purpose. The discovery of V4 cells had convinced me that classical theories and methods would lead to a dead end: A more radical approach was necessary.

The charismatic Edwin Land had therefore walked into an intellectual void in my life. He emphasized color constancy; this refers to the fact that colors remain stable despite the perpetual changes in the illuminant in which they are viewed. At that time, color constancy was a mere footnote in most texts on color vision, assuming it appeared at all; this was despite the fact that both Hermann von Helmholtz and Ewald Hering, two important figures in the history of color studies, had tried to account for it, albeit in unsatisfactory terms, at least to me. Helmholtz had sought for an explanation based on prior knowledge and the “unconscious inference”; the latter, he believed, leads the perceptual system to “discount the illuminant” and assign the true, “known” color to a surface. Hering had tried to explain, also unconvincingly, that we perceive colors through the filter of our memories for colors, and therefore perceive them differently from the way we should perceive them without these color memories.

In contrast, Land had proposed a radical departure; for him, color was the consequence of a computational operation by the brain; he believed that this process depended on using the one constant physical reality in the world outside, namely, the reflectance of surfaces for lights of different wavebands; through a ratio-taking process undertaken by the brain, the reflectance of different and adjacent surfaces for lights of different wavebands would be compared, a process that would lead to the generation of color. Using this approach, the brain would make itself independent of the constant change in the wavelength composition of the light reflected from surfaces; color then becomes a property of the brain, not of the world outside (although this is my language, not the language that Land used).

I found his exposition difficult to follow at first but deemed it instinctively exciting enough to invite both Land and John McCann to continue our discussion over lunch. Land, I thought, was presenting me with a fairly radical departure from the traditional way of describing color, as being merely the representation in the brain of something “out there.” For Land, by contrast, the brain was registering, in terms of color, some kind of external reality, but a reality that was quite remote from that imagined by traditional color scientists. Nourished by the trichromatic and opponent-process theories, I was finding it difficult to absorb all this; sensing this, Land had an idea; he and John would go shopping in London at once to buy some high-quality color papers; they would return later in the afternoon to demonstrate his approach to me directly using a simplified version of his celebrated Mondrian experiments.

By the end of their demonstration, I had become convinced of the novelty and importance of Land’s approach. I asked both to stay a little longer, to continue our discussion over drinks. We began speculating wildly as to how I might explore Retinex ideas physiologically. What had been intended to be a relatively brief morning meeting was gradually threatening to extend well into the night. Land became impatient; he would go to Cambridge (Massachusetts) with John tomorrow and return the following week with good Mondrian displays, along with all the measuring equipment. This would allow us to test Retinex ideas directly while recording from single cells in V4. I was not well pleased; I explained that experiments could fail. Land insisted; he understood, he was a scientist. He prevailed; the experiment was planned for the following week.

I spent anxious hours and many more packets of cigarettes preparing for it, as the excitement mounted. On the day, incredibly, the first cell encountered in V4 was genuinely a color cell, as opposed to the traditional wavelength selective one. In other words, it was one that responded to a surface of particular color irrespective of the wavelength energy of the light reflected from it alone. The responses of the cell and the applause in the room were recorded, not only on tape but also in the mind as a game-changing moment. From then on, Land was a regular visitor to my experiments, to which he contributed intellectually in a significant way. He and John prepared and shipped over a replica of his equipment for studying color, which I donated upon retirement in 2025 to the Royal Institution, where both Land and I had lectured on color vision. During his visits to my lab, Land also contributed gastronomically; he liked to eat well and, finding the food at the UCL refectory among the worst, he commonly ordered food from Harrods or Fortnum’s, thus making the experimental sessions even more enjoyable.

The experiments on color were wildly exciting when they worked and depressing when they didn’t, as commonly happened. In the end, I collected enough material to convince me that colors are not represented but constructed in a specific part of the visual brain, area V4. Color thus becomes a property of the brain, not the world outside. In fact, and perhaps surprisingly, Oscar Wilde had already been there before me, although more emphatically. In De Profundis, he had written that the eyes “are really channels for the transmission, adequate or inadequate, of sense impressions. It is in the brain that the poppy is red,” a statement that is hard to improve on.

Land was never explicit about color being “constructed in the brain.” He wrote instead of his Retinex system as being based, like traditional theories, on three channels; but he added the highly original computational process that the brain uses to generate colors. This made it, as he wrote, an extension and development of the classical color theories. But the classical theories are, in essence, representational ones; they assume that color is “out there” and transferred to the brain by some representational mechanism, the color of a surface being determined by the dominant wavelength in the light reflected from it, as Isaac Newton had implied in his book Opticks. I, too, had adhered to this view. After recording from a sufficient number of color cells in V4, I submitted a paper to Nature (for which Land designed special color filters) on their properties; it was titled “The Representation of Colours in the Cerebral Cortex,” a title that I now much regret. I should have instead recalled Newton’s other and, significantly, more rarely quoted words in Opticks: “For the Rays to speak properly have no Colour; in them there is nothing else than a certain power and disposition to stir up a sensation of this Colour or that.” I should have instead titled my paper “The Construction of Colour by the Cerebral Cortex.” My search would then have been explicitly for the cortical locus that has the “power and disposition” to enable the brain to acquire knowledge of a constant and nonchanging property of the world, namely the reflectance of surfaces for lights of different wavebands, Critically, this power and disposition also stabilizes an unstable world, making the brain largely independent of the vicissitudes of flux in the wavelength-energy composition of the light reflected from surfaces. This stabilization brings us closer to incorporating into physiology and psychophysics both Eastern and Western wisdom. The former is encapsulated in the phrase, “Nothing is constant except change” and the latter in Plato’s Heraclitan doctrine of flux, which essentially says the same thing. It also leads color physiology to a different path, that of understanding how the brain achieves the feat of establishing constancy in the face of perpetual change. The physiological study of color thus becomes a philosophical enquiry conducted by physiological means. David Hubel’s prescient description of my work on color in 1972 as constituting the discovery of the “philosopher’s stone” had therefore acquired a new philosophical dimension. That flattering opinion also threatened an uncomfortable future, when I might have to discourse with philosophers. At a party at Magdalen College, Oxford, JZ—ever the enthusiast—introduced me to the eminent philosopher Sir Peter Strawson, describing to him my studies on color and asking him excitedly what he thought of my view, but in his words, that color constitutes “brain knowledge.” Strawson replied, “I’d say that it is interesting.” There the conversation came to a dead end. I was relieved; it seemed that dialogues with philosophers need not be drawn out after all. In a significant way, this was a pity and a loss to me. I have always considered that one of the primary functions of the brain—including the visual brain—is the acquisition of knowledge. Since the problems of knowledge, of how we acquire it and how certain we are of what we know, lie at the heart of philosophy, studying the brain became something of a philosophical enquiry for me. My interest in philosophy was therefore profound but was not reciprocated by the philosophers’ interest in my work; when an interest existed, it was to trivialize what I was doing. In time, this ceased to matter to me.

Through the prism of Land’s theory and my physiological recordings, I began to think of the construction of colors as leading to an experience. Thus, if there is any localization for the color in the cerebral cortex, which I consider to be in V4, it must be an experience, constructed in the brain, that is localized there. In other words, color must be understood as a brain-constructed experiential phenomenon rather than a mind–brain independent feature of the external world. A topic that I had been trying to avoid now reared its ugly head—consciousness, for one can only have an experience in the conscious state.




The Retinex Theory

Land was a master of the condensed utterance and therefore was often difficult to follow; whereas others used periphrastic phrases to explain an inexplicable idea, he rendered an explicable idea inexplicable by condensing it into a single sentence. My favorite was, “Color is always a consequence, never a cause,” a statement so insanely contrary to the then-prevailing view of what color is that no one in the world of color bothered with it. This did not surprise Land; as he saw it, the world of color had “no second rate minds,” implying that they are all third rate. Land had proposed a detailed transformative operation, dependent on defined processes; this involved the retina and the cerebral cortex (hence the term Retinex). My later imaging experiments showed that V4 is a fundamental stage in this computational process. This is not to say that V4 is the sole area involved in constructing constant colors, an accusation that the reductionists, forever clutching at straws, have used to question all specializations in the brain; nor does it imply that the wavelength selective cells in V1 and V2 that feed into V4 are not crucial to this process; nor yet that the visual brain uses a process identical to that outlined by Land.

I now use the term constant color categorization instead of color constancy to describe the foundation upon which Land’s theory is built. This is because the hue (shade of color) of surfaces changes with changes in the wavelength composition of the illuminant in which it is viewed, as artists have constantly reminded me. The color category, in contrast, does not, within very wide limits. In the Bayesian-Laplacian context, Oliver Chen and I emphasized that color categories belong in the category of biological priors and are resistant to revision in light of knowledge and experience; hues, however, change according to viewing conditions and are thus experience-dependent priors from which posteriors can be generated (in the specialized Bayesian language).

Why did Land write that, in developing his theory, he was merely going beyond the trichromatic and opponent-process theories of color vision? Was it modesty or fear of taking on the color vision establishment? Whatever the reason, I came to believe that, in basing his theory on three channels, corresponding roughly to the Young-Helmholtz channels, Land had not been radical enough; nor had he given a convincing reason why the channels should be limited to three; it is entirely plausible to suppose that there are many more —although a minimum of two is necessary. As well, I was surprised that he had not pursued his experiments to their logical conclusion, to show that the (opponent) color of the after-image produced by viewing a patch of a certain color not only is independent of the wavelength-energy composition of the light reflected from the viewed patch alone but also depends on what is reflected from its surrounds. I first demonstrated this in 1983 and in more detail with my colleagues in 2017. Hence, perceptual opponency followed the generation of color by the brain and did not precede it; in other words, the color of the after-image is generated after color is generated in the brain. Therefore, although opponent mechanisms can account for the sharpening of spectral response curves of cells after the earliest stages in the retina, they cannot account for the generation of color.

My work led me, ultimately, to question the status of the trichromatic and opponent-process theories as theories of color vision, and to reconceive them as general theories of vision, including but not specific to color. The brain, after all, can detect an object or a moving stimulus by registering the difference in the wavelength composition of the light coming from it and from its surrounds, without determining the color of the stimulus. A misunderstanding of this is at the basis of papers that, even in their titles, suggest they have detected cells that register color in, say, V5. In reality, all they have done is to describe cells there that can detect a moving object by registering wavelength differences between it and its surrounds, without ascribing a color to either (see also Thiele et al.,1999). But I delayed my disavowal of the classical theories as being specific to color vision until my Paton Prize Lecture of 2021, perhaps for the same reasons that I now impute as to why Land never disavowed theories of color vision and considered that he was merely going beyond them.

Despite these small reservations, I consider Land’s theory to be the only viable theory of color vision, which I therefore imported into neurophysiology, with such experimental and theoretical modifications as I deemed necessary; in particular, I substitute a multichannel input into its computational stage rather than the three classical channels. That turns it, for me, into the radical theory that it is.

Land was a frequent visitor to my lab to watch recordings from V4, often staying late into the night, although we never published together. He remained a friend until his death in 1991. In 1986, he was elected a foreign member of the Royal Society but was unable to travel to London to sign its Charter Book. In 1991, I asked the Council of the Royal Society to allow me to take a page of the book to Cambridge, Massachusetts, so that he could sign it. When the Royal Society agreed, I took a page, signed by Paul Langevin, the French physicist, to Land’s home in Cambridge. I read the citations for both Edwin and for Ed Purcell, the US physicist and friend of Land, who had also been unable to go to London to sign the Charter Book. Hugh Huxley (no relation of Andrew), the British scientist who had worked at UCL but was then a professor at Brandeis University, admitted both formally to the Royal Society. As far as I can ascertain, it was one of only six occasions when the signing ceremony for admission to the Royal Society was conducted outside the house of the Society in London—the first two being Sigmund Freud and Winston Churchill. It was also the last time I was to see Edwin.




Our Golden Years

The years from 1983 until my retirement in 2025 were golden years, characterized by high-octane energy and high-voltage intellectual enterprises conducted with exceptional colleagues, who are mentioned under the relevant sections. I have remained friends with all of them. Among them were two with whom I published little or nothing, although they were major contributors to the work of the laboratory: Wolfgang Fries and Ludovica Marini (now Lumer). Wolfgang had come to London with a German scholarship. An accomplished neurologist and musician, he was also an outstanding intellect who understood the implications of functional specialization at once, and before many others; we had prolonged discussions and shared many ideas. While in the laboratory, he published an important paper; along with a similar paper published in Japan, he showed that the output from the lateral geniculate nucleus (LGN), through which the predominant visual input into the brain reaches the cerebral cortex, does not connect with V1 only; instead, it has direct outputs into the visual areas of the prestriate cortex as well, ones that bypass V1. This work was to have an important influence on my later thinking about the relative autonomy of the prestriate visual areas and the consequent “disunity” of consciousness (see the section “Paranoia Strikes Again”). Our discussions continued later when he moved to the Ludwig Maximilians University in Munich, eventually specializing in neural rehabilitation, and I was an occasional visiting research fellow there.

Ludovica came to the lab after a chance encounter at a meeting in Turin on color vision. Her presence electrified the laboratory—possessed of formidable energy with an intellectual curiosity to match, she assisted in many electrophysiological experiments and joined me in imaging studies on color vision. She animated the lab to an unusual extent.

There were two other colleagues: A dominant figure in the lab, and one who was in a sense a critical backbone, was John Romaya, the computer programmer; he was also a severe critic, whose ability to spot weaknesses was of invaluable assistance to all in the lab. He contributed immeasurably for a period of 30 years to improving our experiments.

Finally, Grant Wray contributed in sterling ways to ensuring that the physiological experiments were successful and that the laboratory generally was functioning smoothly.

The magic moments we spent in the lab during those years were supplemented by retreats to France and to Tuscany where we once asked local poets to read for us, and explain, the Rime of Michelangelo, who had come to play a dominant role in my thinking about neuroesthetics; his. concepts of art and beauty are often most explicitly exposed in those sonnets. The locals found these sonnets as difficult to understand in the original Italian as we had found them to be in translation.




From Monkeys to Humans

Ever since the Wellcome Trust started to fund me after my color misadventure of 1982, I became increasingly involved with its affairs, ending up as chair of the Vision Working Group at the Trust for six years. In this capacity, I got to know Sir Stanley Peart, its senior scientific trustee, quite well, and we lunched together once a month to discuss biological problems. Stan was searching for ways to deepen the Trust’s involvement in neurobiology, a development much aided by the involvement of David Gordon, then a director at the Trust. I, in turn, was becoming increasingly interested in the then very new field of brain imaging and saw the chance to establish a new imaging research center in London. The director of the Trust, Peter Williams, jumped at the idea when we put it to him. The Trust eventually allocated £24 million to the project, for which it purchased a building. Who should be the director? I wanted nothing to do with directorships; so we approached Richard Frackowiak, who turned out to be an outstanding director; he brought to fruition the dream that Stanley and I had had for years, through his absorption in every detail of the construction and operation of the new center. It was 10 years in the making, the first formal meeting regarding it having been in 1984, at the Neurosciences Institute in New York (where I was then a fellow), and its inauguration by Andrew Huxley taking place in 1994. I became the codirector of the Wellcome Imaging Center; in truth, this was only an honorific appointment. It was Richard who oversaw the establishment of the first and most exciting brain imaging center in the world, which has made an incalculable contribution to neurobiology. It also allowed me to transfer my work from monkeys to humans.

I had become restless working with monkeys, having developed a close relationship with several of them; two especially always seemed to be as overjoyed to see me as I was to see them. Because of this closeness, I became increasingly reluctant to work on them, and I terminated my experimentation with them after an experiment, which, to me, was highly significant. This was undertaken with Makoto Kusunoki and Konstantinos Moutoussis; we recorded from single cells in awake, behaving monkeys while they were experiencing color. The experiments showed a strong relationship between single cell responses in V4 and the experience of color. It was a demonstration of capital importance for me, but it was also the end of my experimentation with monkeys. From then on, I decided to transfer all my experimentation onto humans, using imaging techniques coupled to psychophysics.

Imaging experiments with humans opened up new possibilities, especially related to the study of human visual experience. My first step was to demonstrate that the human visual brain also consists of several, distinct, specialized visual areas that process different visual attributes in parallel and to determine their positions. These experiments, published in 1991, were undertaken with John Watson, who had come from Australia principally to work in a clinical setting with Richard Frackowiak but who had sufficient interest in visual problems to devote considerable effort to working with me. It was a wonderful collaboration.

Next began a set of experiments designed to show that, as with color, the brain constructs what we attribute exclusively to the outside world instead of being merely a chronicler of outside visual occurrences. For this, I turned first to human V5 whose position coincides with the area demarcated as Feld 16 by Flechsig and damage to which causes the syndrome of akinetopsia, the inability to see visual motion. This offered us the opportunity to study the experience of visual motion in the absence of physical motion (i.e., motion generated in and by the brain). Starting in the late 1980s, when I had become increasingly interested in weaving art into my studies, I had become friendly with Isia Leviant, whose studio in Paris I visited several times for prolonged discussion; he had turned from being a director of the Bechtel Corporation to becoming a successful artist, interested in geometric illusions. Our discussions led me to convince him to write an article for the Proceedings of the Royal Society on one of his best-known creations, Enigma. Many, if not all, see rapid, reversing motion in the rings of Enigma although the painting itself is completely static. Would V5 be active in subjects who perceived movement where there is none? Our imaging studies said: “Yes, it would.” We published the paper under the title of “Going Beyond the Information Given,” a phrase lifted from the title of the book by Jerome Bruner.

Having determined the position of V4 in the human brain, we wanted to learn whether it is critical for generating color experiences. This amounted to learning whether V4 is the critical site for the ratio-taking, color-generating mechanisms, as our earlier work with monkey V4 had hinted, or whether V1 and V2, which feed signals into V4, are also involved in the color-generating experience (as opposed to processing chromatic signals). My collaborator in the fMRI study was Andreas Bartels, who had come to my lab as a doctoral student after a stay in Terry Sejnowski’s (see volume 14) lab; he stayed on for two years after completing his doctorate; his contribution was throughout central to the success of the lab. A sharp intellect with a well-developed sense of humor, my collaboration with him was among the most enjoyable of my career. We approached several problems, of which color was one. We adapted Land’s Retinex Mondrian experiments for these imaging studies. The results showed that when the colors remained stable despite changes in the wavelength composition of the light reflected from them, the activity was confined to V4; V1 and V2, which feed V4 and contain wavelength selective cells, were not especially active. When the same subjects looked at actual objects, instead of abstract scenes, under the same conditions, an area lying just in front of V4 was recruited, which we named V4a, thus constituting the human V4 complex. The correspondence with monkey brain was convincing.

With this demonstration, my experimental physiological and imaging work on color vision virtually ended. I would have loved to have continued but knew that this was beyond my capacities. The next step, to understand the precise implementation used by the brain to construct color, would have required a highly sophisticated technology, which would enable recording from hundreds of cells simultaneously and subsequently analyze their responses in relation to each other; even Andrew Huxley may have baulked at the idea, although I am not so sure of that. For me, it was the end of the road in color physiology, but I was to continue with some psychophysical experiments. Time had come to turn my attention elsewhere.




Dynamic Parallelism

The experiments on color, and the view that I was beginning to develop of it as an experience generated in the brain, led me ineluctably but timidly to consider the issue of consciousness, something that I had generally wanted to avoid, partly because it excited the interests of philosophers—a dangerous sign, given their addiction to insoluble problems. But I pursued the issue in the context of my discovery of V5 and its functions. A brilliant but truculent postdoctoral fellow in my lab, Georg Beckers, suggested that visual signals may reach V5 before reaching V1. This excited me; it was radical thinking of high order and promised the temporal separation of V5 from V1 experimentally; this, in turn, led to the question of whether activity in an area that is isolated from its main source of visual input could acquire a conscious correlate if it had another visual input that reached it without passing through V1. If visual signals that reach V5 through V1 and those that reach it by bypassing V1 do so asynchronously, then one could, perhaps, isolate the two inputs spatially and temporally, by studying patients with damage to V1 or by manipulating the speed with which signals reach V5 separately; ideally, I wanted to do both.

We set about studying this first with the transcranial magnetic stimulation (TMS) technique, of which Georg was a master. The results showed that his intuition was correct, with the added inestimable bonus that it is fast-moving signals that reach the cortex of V5 before that of V1, whereas slowly moving ones reach V1 first. Georg was jubilant; I was more conservative; we poured over the results argumentatively. But, in the same year, our conclusion was confirmed by similar results obtained in EEG and MEG (electroencephalographic and magnetoencephalographic) studies that I undertook with another brilliant research fellow, Dominic ffytche.

I could now extend the concept of parallel processing in the visual brain and add to it dynamic parallelism, since the parallel inputs to an area do not deliver their signals simultaneously; the speed with which signals are delivered to an area depend, instead, on the stimulus. As I later found out, it also depends on the task that the subject is instructed to undertake. Asynchronous convergence of parallel pathways, judged by the evidence below, is likely to be a fundamental organizing principle of visual perception.

Together, these results were a game changer; I now began to look forward to studying visual consciousness with moderate enthusiasm.




Parallel Processing, Perceptual Asynchronies, and the Binding Problem

Fortunately, I was joined by Konstantinos Moutoussis, who was an outstanding doctoral student and stayed on as an outstanding postdoctoral fellow. Konstantinos liked, as he put it, “to think philosophically about the brain,” and his originality was second to none. We began by thinking in depth about the fundamental problem of binding and its relationship to conscious experience. Binding refers to how the separately processed and registered attributes of the visual world are united to give us our apparently seamless, holistic, and unified experience of it. The common view then was that the processing of different signals in the parallel pathways was simultaneous and in perfect temporal alignment; this temporal alignment allowed for the simultaneous unification of the results of the parallel processings, or so it was believed. There was a general supposition, too, that binding must involve some kind of direct physiological interaction between cells signaling different attributes. But how? No one knew then and no one knows now. There had been numerous experiments, extending over some 30 years, to address this issue; many were ever more sophisticated iterations of the same experiment; none has resolved the issue. Had they been asking the wrong question, perhaps because of an understandable hebetude in thinking? Here Francis Crick entered the arena with a grand idea; his entry was ecstatically welcomed by the many who supposed that he would rescue the study of consciousness from the disreputable state into which it had allegedly sunk, making it scientifically respectable. Francis was a master of the dramatic utterance; the grand idea that he had developed with Christoph Koch proposed that binding is the basis of the unified conscious experience. By making the unresolved binding problem the basis of consciousness, they had added a new and dramatic dimension to its study, adding one unsolved problem to another. Could this be so, considering the results that I had obtained with Georg and Dominic, which suggested an asynchronicity in the arrival of signals in V1 and V5. Nor is this asynchrony unique to V1 and V5. My later work with Yoshihito Shigihara using MEG showed that many prestriate visual areas, even extending to “higher” areas such as those critical for the perception of faces and houses, receive dual visual inputs—one through V1 and one that bypasses it. How would this play out in daily perception and what implications did asynchronous processing have for the ever-elusive problem of binding? Konstantinos and I pondered the problem. We asked: How certain is it that different features, processed in parallel pathways, reach a perceptual end-point at the precise same time, as was current thinking? It seemed to us more plausible that, maybe, they do not process signals at the same speed. As well, we reasoned that, if the central binding question had not been credibly answered after so many years of intense and often technically demanding work, it becomes legitimate to enquire whether the right question was being asked. We began by asking a different question: Are all features processed at the same exact speed and, if not, how does binding occur? This was my entry point into the field of consciousness.

My psychophysical experiments with Konstantinos, published in 1977, showed that two simultaneously presented attributes of a stimulus (e.g., its color and direction of motion) are not perceived simultaneously; rather, we become conscious of color some 80 ms before we become conscious of directional motion, and 40 ms before we become conscious of the orientation of lines. There is, in other words, a perceptual asynchrony in visual processing. This asynchrony is stimulus dependent; its extent can be modified by manipulating the characteristics of the stimulus. It is also task dependent; if the task is not to identify the characteristic of the two stimuli (i.e., the color and direction of motion) but only whether a change has occurred in the state of the two stimuli, there is no asynchrony. In summary, the attributes of two simultaneously presented visual stimuli are not bound at brief time windows after their appearance; instead, they are mis-bound. This led us to an ineluctable conclusion: There is no brain area that “waits” for the different parallel systems to terminate their processings before binding the results of these processings together; instead, the brain binds what has already been processed and, given asynchronous processing between areas and the consequent asynchronous awareness of different features, it mis-binds. It follows that binding cannot be the basis of the unified conscious experience; visual consciousness is instead distributed in time and space because geographically separate areas process different attributes. This idea was also reflected in other psychophysical experiments with Andreas Bartels. In these, we studied the times required to perceptually pair spatially separate pairs of stimuli consisting of color or motion. The results showed that cross-attribute binding between color and motion took longer than within-attribute binding. Taken together, these results seemed to me to have profound implications for understanding critical aspects of visual consciousness. A conscious, unified view of the world is constructed, not detected, by post-perceptual and post-initial conscious processes because there may be many separate consciousnesses distributed in time and space. I started dividing consciousness of the attributes of a stimulus after its appearance in the field of view into two phases—the micro- and the macroconscious phases. The justification for this subdivision is obvious. But it created a problem: Over longer periods we appear to perceive all the different attributes simultaneously; whether this is mere appearance has yet to be determined. It also remains to be determined whether there is a transition between the two states, assuming them to be two states rather than two different manifestations of the same state, revealable only in a laboratory setting. As significantly, it seemed to us that the entire question of binding had been wrongly framed and its relationship to consciousness had been wrongly configured; features processed at different speeds are not bound; instead they are mis-bound, at least at very early stages after the appearance of visual stimuli. That changes the approach to the problem of binding and of consciousness.

It now seems to me that we have still not quite integrated the principles of dynamic parallelism and asynchronous perception, which depend on task and stimulus, into our thinking on the operations of the cerebral cortex. Those who have promoted the idea of binding by synchrony have, unfortunately, never addressed the issues of asynchronous transmission of signals and asynchronous perception; both call into question not only the nature of binding but also the nature of consciousness even if confined only to early stages after exposure to visual stimuli. Additionally, those who have promoted the idea of a single hierarchy throughout the cerebral cortex have never addressed the issue posed by the earlier arrival of signals in some “higher” areas than in “lower” ones, which calls into question the hierarchical edifice of the organization of cortical connections. I suppose complete silence is one response—and we can read whatever we want into it.




Paranoia Strikes Again

Konstantinos and I thought that our results on asynchronous perception were important; accordingly, we sent our paper to Nature; they dithered and wanted it rereviewed after modifications in light of their reviewers’ comments. When we resubmitted, one of the reviewers updated his earlier review; he wrote, “I have now been to the library and think that this result could have been predicted.” Another, wiser reviewer, responded, “I don’t care if it could have been predicted, it wasn’t.” This threatened to descend into an eristic discussion between referees, with us as the victim. To me, a paranoiac by necessity rather than temperament, this even carried the makings of a ruse to delay the paper indefinitely. What could we do? I had an idea: Paranoiacs like me had found refuge and release from their habit for centuries in the system installed by the Académie des Sciences in Paris in 1666; the system, implicitly recognizing scientific paranoia, accepted sealed letters (lettres cachetées) in which results could be deposited. The Academy undertakes to keep it under seal for 100 years, unless the depositor asks for it to be opened publicly, to establish paternity of the work or ideas contained therein. It was not an unpleasant way of protecting oneself, given my experience with V5—it only involved an enjoyable trip to Paris. Fortunately, I have had no reason so far for the letter to be unsealed.

These results, then, raised profound questions, especially about the presumed “unity” of consciousness. While I was pondering that question, I received an invitation to a meeting in Brussels. The meeting was entitled “The Unity of Consciousness.” I accepted and sent in my title: “The Disunity of Consciousness.”

I should like to emphasize that I am not doubting that, at a certain level—the level at which I become aware that I am the source of an experience—a plausible argument can be made for that “unity.” But I have considered consciousness to have hierarchical stages and, at early perceptual stages, I am not at all convinced of any kind of unity considering the experiments on asynchrony described earlier. My view perhaps corresponds better with Daniel Dennett’s multiple drafts theory; although Dennett derives his conclusions from formulations in philosophy and cognitive science, and I derive mine from experimental neurobiology, the basis of both of our views lies in a parallel, distributed system. That this system is distributed in time and space can be dramatically illustrated through an experiment that I undertook with Andreas Bartels, perhaps the first of its kind. In that experiment, we explored the activity in the brain when subjects viewed an action movie (we chose James Bond’s Tomorrow Never Dies), in which many events occur at once. We analyzed the results using independent component analysis, which Andreas had imported from Sejnowski’s lab; the results showed that activity in the brain is not only segregated in space, as might be expected from our previous studies, but also in time, each area seemingly having its own independently varying temporal sequence.

This led us to introduce a new concept into brain studies, that of cerebral chronoarchitecture. This could be thought of as the manifestation of the asynchronous signaling between areas. I think that it will acquire a greater significance in the future, although I should not be surprised if others try to attach a different name to it.

All this can be summarized as follows: that the operations of the brain, or at least the functionally specialized visual cortex, are governed by massively parallel, asynchronous, activity that, in viewing natural scenes, is reflected in its chronoarchitecture. The demonstrated perceptual asynchrony, which is governed by stimulus and task as well as the speed of connections between visual areas, is a pointer to processing areas being also perceptual areas. This makes phenomena such as the degraded but conscious vision of the blind more comprehensible.




The “Blindsight” Affair

The demonstration of separate and asynchronous inputs into the brain and into area V5 in particular, and my increasing conviction that what is localizable in these specialized areas is the experience generated by their activity, began to suggest new ideas to me. In 1973, Ernst Poeppel and his colleagues had demonstrated that patients blinded by lesions in V1 could detect visual motion accurately. In the following year, Larry Weiskrantz and his colleagues took this discovery to a dramatic new level; they demonstrated, or so they supposed, that patients blinded by lesions in V1 could discriminate visual stimuli with high accuracy even though they declared not having seen anything; they came to believe not only that discrimination of a visual stimuli was perceptually separate from its conscious experience but also that different neural mechanisms were engaged; as they saw it, correct discrimination in patients with a total loss of visual awareness because of a damaged V1 could be attributed to subcortical activity. Weiskrantz termed the phenomenon “blindsight”; I, unfortunately and thoughtlessly, wrote about it approvingly even as late as 1993, in my book A Vision of the Brain. The purported syndrome was paradoxical enough to excite the interest of philosophers. It was, therefore, something to be avoided. But my results, summarized earlier, propelled me into it ineluctably. It raised the question of whether signals reaching a visual area such as V5 directly, without passing through V1, can result in visual processing with conscious visual experience as its correlate.

V5 became once again central to my enquiries. Blindsight experiments had concentrated on studying visual motion discrimination. Did this mean that there was little or no activity in V5 when blindsight subjects could discriminate correctly the direction of motion without being aware of it? Exploring consciousness in this limited way had another advantage; I had been mulling for some time about how to neutralize the Oxford group, who had been making snide remarks of insidious intent, although never by Larry, about my work on color; these had been conveyed to me by reliable sources and were in any case evident in some of their writings. How should I respond? I was interested in something more serious and heavy weight than Oxford style tittle-tattle. I warned Larry in 1988, when he came to UCL to deliver the Royal Society Ferrier Lecture, that my response would come in time and that it would not be mild. Larry had shrugged it off by saying that his group at Oxford knew what they were doing. Within five years, I kept my promise, through a study that had two aims: to study the minimal requirements for eliciting a conscious experience of visual motion, using V5, and to give Oxford a taste of its own medicine. Hence, the motivation was only partly scientific. But one motivation is as good as another if it advances science. I approached Keith Ruddock; patient GY, the most celebrated and well documented of the blindsight patients, was his patient; Keith readily agreed.

My first study of the phenomenon was undertaken with John Watson and John Barbur. Our results showed that, contrary to what Larry and his teams had emphasized for years, the V1 bypassing input to V5 was potent enough to elicit a crude but conscious experience of visual motion. This was not surprising. Tom Albright and his colleagues had previously shown physiologically that, in monkeys, directional selectivity in V5 survives lesions in V1, with the strong implication that a V5 disconnected from V1 could still signal the direction of motion in the field of view. This survival accounts for why a patient like GY was able, in the great majority of presentations, to discriminate correctly and report (consciously) the direction of moving stimuli. But, as our studies with GY were to show, he was only able to discriminate and become consciously aware of the stimuli if they were of high contrast and moved at speeds in excess of 5 degrees per second; stimuli moving at slower speeds were not discriminated correctly, and there was no reported awareness of them. In simpler terms, V5 was processing high-contrast, fast-moving signals, which Dominic Ffytche, Georg Beckers, and I had demonstrated reach V5 selectively before reaching V1, and that processing had evidently resulted in a conscious correlate, presumably without the need for further processing. The term “without further processing” requires an explanation. I argued, in a 1999 review on consciousness with Andreas Bartels, that it is improbable for a visual area not to retain some of what it has processed, which should then acquire a conscious correlate. If all that an area A has processed has to be reprocessed in its entirety in area B, then the result of the processing in area A would be lost to conscious experience—the mark of a most inefficient system, which the brain is decidedly not. There is, in any case, no “final,” highest area in the cerebral cortex—cortical connections are massively reciprocal and all areas receive and send signals.

We prepared a paper, for which I gave—to my later regret—first authorship to John Barbur, because of his acquaintance with patient GY. Barbur was reluctant to use the term conscious, which we therefore omitted from the initial manuscript submitted to Science. I later referred to one of the referees at Science as a “swine” because she or he had concocted a miasma of trivial reasons for rejecting our paper. But within that miasma was a gem: The reviewer expressed surprise that we had not used, even once, the term “conscious.” This was insightful; the swine thus turned out to be a savior, which is why I said, in my Presidential Lecture at the Society for Neuroscience in 1993, that one “needs a swine to show you where the truffles are”—a phrase lifted from Edward Albee’s Who’s Afraid of Virginia Woolf. In light of this “truffle,” we had an ill-tempered meeting in my office at which I insisted that the term “conscious” should appear prominently in the paper, indeed in its title. It was published in Brain in 1993, under the title “Conscious Visual Perception Without V1.”

Displeased, Larry asked to come to London to give a talk at our Imaging Center. Being its codirector, I chaired the meeting; perhaps intimidated by my presence, no one asked any questions and there was no discussion after his talk. If Larry had been angered by our results, he showed no sign of it. He delivered his seminar with self-assurance. The anger surfaced later, in his papers and in his book. To me, there was something odd about these papers, coauthored with John Barbur among others; their only reference to our papers was to the extent of the lesion in GY’s V1 as determined from our scans; there was no mention that our findings contradicted theirs—an eloquent admission, perhaps, that we were right, or so it seemed to me. Five years after publication of our results, Weiskrantz rebranded blindsight by dividing it into two categories, Type 1 and Type 2, of which only the first corresponded to the classical blindsight promoted by the Oxford group, namely high levels of correct discrimination of visual stimuli without conscious awareness. Type 2 blindsight was what we had demonstrated in our experiments—namely, a crude but conscious experience of the appropriate visual stimuli when presented to the blind field. Larry’s subdivision amounted, in brief, to a major retreat by the Oxford group, even if rarely explicitly acknowledged as being so. I described Larry’s new subdivision as a “damage limitation exercise.” Larry responded by writing that I had been “destructive and snide.” I shall remain silent on the other defenses mounted—first, that GY, in spite of discriminating accurately the direction of motion of visual stimuli and reporting them correctly, was not having any visual awareness at all but merely a “feeling” of something having happened; or, second, that what he was conscious of was not the visual stimulus that he could discriminate correctly and report on, but rather an awareness that his pupils had dilated.

Given how ingrained this phenomenon had become in the popular mind, I wanted to pursue this finding in more granular detail and did so with Dominic, nothing if not an original thinker and a stickler for detail. And for good reason; the stakes were high, and we were “trespassing” into someone else’s territory. But our detailed reading of the blindsight literature had revealed its weak spots. Correspondingly, our more detailed study showed that (1) there is, in general, a good correlation between GY’s capacity to discriminate stimuli presented in his blind field and his conscious awareness of the same stimuli; and (2) GY’s performance on some tasks is characterized by a marked variability, both in terms of his awareness for a given level of discrimination and in his discrimination for a given level of awareness. This led us to propose a simple model of the relationship between visual discrimination and awareness: the two independent capacities are very tightly coupled in normal subjects (gnosopsia); the effect of a V1 lesion is to uncouple them, but only slightly. This uncoupling leads to two symmetrical departures; on the one hand, to gnosanopsia (awareness without discrimination) and, on the other, to agnosopsia (discrimination without awareness). Perhaps the most interesting aspect was our imaging study of the activity in V5; this showed that V5 is always active when moving stimuli, whether slow or fast, are presented to GY’s blind field. This allowed us, for the first time, to titrate conscious awareness against brain activity and show that there is a straightforward relationship between awareness and V5 activity, both in individual cortical areas, in this case area V5, and in the reticular activating system. The strength of activation in V5 correlated with whether or not motion was experienced consciously. The imaging evidence, together with the variability in GY’s levels of awareness and discrimination, manifested in his capacity to discriminate consciously on some occasions and unconsciously on others, led us to conclude that agnosopsia, gnosopsia, and gnosanopsia are all manifestations of a single condition. In essence, this had been described by George Riddoch in his 1917 paper in Brain following his examination of British soldiers who had succumbed to brain wounds through enemy fire in the Great War; that paper had shown that patients blinded by lesions in their V1 could discriminate motion in their blind fields but could not discriminate the form or color of the moving stimulus. Riddoch repeats several times that his blinded subjects were “conscious” of the motion. His paper thus turns out to have been remarkably accurate for its time; but its thesis of a special representation of motion in the visual brain had been rejected emphatically by Sir Gordon Holmes, then the doyen of British neurologists, who had written that Riddoch’s observations were “certainly incorrect.” Riddoch’s work had consequently been almost totally and unjustly neglected. Dominic and I decided, in our review of what we had found and published in Brain in 1998, to refer to this syndrome, not as blindsight, but as the Riddoch Syndrome in recognition of the man who had first described its critical feature, namely the conscious experience of a moving stimulus presented to the blind field produced by damage to V1.

In the end, we managed to convince ourselves that there was something critically mistaken in the phenomenon referred to intriguingly as “blindsight,” a term that had started to conjure up for me visions of a bad Hollywood movie, in which a blind witness is able to identify a criminal with certainty but without having ever been able to see him. I even imagined that I could write a detective story based on the phenomenon, leading to untold riches. But I desisted when I decided that such a book would probably not sell many copies.

An unintended but nevertheless welcome casualty of our work on the Riddoch Syndrome is the probably widely held supposition that the return connections back to V1 from V5 are the ones that generate conscious visual experience rather than the forward projections from it; welcome because that is one suggestion that is not worth pursuing further, at least in terms of the relationship between V1 and V5 and the necessary conditions for conscious vision. Clearly, if V1 is damaged, both the output from it and the return inputs to it are no longer operative. This refined a central thesis: that input into V5 that bypasses V1 can result in a conscious, if crude, visual experience without the necessity of a return, feedback input into V1. Konstantinos and I were later to demonstrate, through psychophysical and imaging experiments, that visual areas other than V5, processing other visual attributes, are also involved in their conscious perception, without necessarily involving the need for further processing.

We celebrated the publication of our 1998 review in Brain, entitled “The Riddoch Syndrome,” with a wonderful lab dinner, prepared under the supervision of the indefatigable Ludovica; when the main course arrived, it was appropriately entitled Spaghetti all’awareness!

Although I have published more papers on the topic since, the substance of my modest excursion into consciousness had been accomplished and my account with Oxford settled. It was a pleasant way of settling a festering account, for it gave new knowledge about the brain.

Dominic and I decided that we could stay clear of the topic of blindsight for a good ten years, because the literature would by then be flooded with papers either defensive of blindsight or accepting our new view but still calling the phenomenon blindsight. This is precisely what we did and precisely what happened: We revisited the issue about a decade later, using different patients; the results were the same. By that time, the literature had indeed been flooded with many papers. It now surprises me how many of those papers acknowledge the presence of a crude, conscious element in the motion vision of patients blinded by damage to V1 but continue to refer to the phenomenon as blindsight—a demonstration of the enduring power of early naming, however inappropriate the nomenclature may later turn out to be.

The terminology that Dominic and I had used to describe different manifestations of the Riddoch Syndrome was cumbersome enough not to have been widely adopted, if adopted at all. But it had the merit of not sacrificing truth for simplicity of nomenclature. We referred to one of the Riddoch Syndrome manifestations as gnosanopsia, admittedly quite a mouthful; it refers to the conscious discrimination of the direction of motion of nonexistent visual stimuli—that is, in the absence of vision, something resembling a visual hallucination. The terminology, although cumbersome, is—I believe—close to a description of one of the variable manifestations of the Riddoch Syndrome. As a variant, it gained further support from later work that I did with Samuel Rasche and Ahmad Beyh. We showed that patients could discriminate the direction of motion of stimuli that were not there if they had previously been presented with directionally moving stimuli—yet another example of the brain constructing an experience. This reinforced my view that these specialized areas are loci of visual experiences, a view that finds further experimental evidence in work that Konstantinos and I did, which hinted strongly that processing sites in the visual brain are also perceptual sites. The latter is an idea that in any case emerges strongly from my previous work on color and on visual motion.




Toward Beauty and Neuroesthetics

JZ Young had instilled in me the importance of a humanistic approach in neurobiology. I sniffed at this at various times with little outcome, until the mid-1980s when I met Jean-Pierre Megnin, an enologist who had established the Prix Science pour l’art at Louis Vuitton Moët Hennessy (LVMH) in Paris. From then on, my interest took a more serious turn, traceable to a widened circle of acquaintances whom Jean-Pierre introduced me to; these included many from the humanities who showed a keen interest in engaging with neurobiologists. I became increasingly interested to search, neurobiologically, for something in art and beauty that is universal, not tied to any culture or ethnic group, an approach closer to the quest of philosophers of aesthetics than that of art historians, whose concern is often restricted to special periods. I inaugurated a new field, that of neuroesthetics, which really is a direct extension of my work on the visual brain; the common theme is the acquisition of knowledge through vision and through art and beauty. Neuroesthetics is of course a wider field, in the sense that it includes the study of experiences that are allied to beauty, such as those of love, desire, and sublimity, all topics that I tackled in imaging studies.

Establishing the field of neuroesthetics earned me the hostility of some art historians and philosophers. Roger Scruton, the philosopher, joined forces with other philosophers, of lesser eminence, to denounce my new discipline as “neurotrash”; other, even stronger, adjectives were used to stigmatize this new field. The charge of reductionism, always a last resort and always ready to hand, was prominently deployed. At a meeting at the Getty Center in Los Angeles in the early 2000s, Vilayanur Ramachandran and I were publicly criticized by the then director of the center, Tom Crowe; he did this, he claimed, to initiate a dialogue at the meeting. To me, it all sounded like a lot of massage parlare and I did not respond at all. Instead, I wanted to run, as fast as possible, far, far away, and fall into a dream-like trance, like Alice in Wonderland, to digest the absurdity of it all and wake up in a world that resembled more closely my early years at UCL where, in an intellectually brilliant environment, hospitality to new ideas was the rule. It was perhaps a case of reculer pour mieux sauter.

But when the time came to jump in again, what they had or had not said became irrelevant. I wondered whether they had deceived themselves or tried to deceive their audiences into thinking that the pursuit of so interesting a topic as the brain’s involvement in affective, aesthetic experiences would succumb to such criticism when the technology for doing so was available? But by then, I could in any case afford to ignore what I believed were trite comments. Circumstances had changed; unlike that hapless period when I stood vulnerable and alone in what I felt was a largely hostile world, now my intellectual environment was different. I was more secure not only in the large grants I was receiving but also in the strong support I received from the scientific community and from prominent artists and art historians as well. In addition, I was receiving invitations to lecture at some of the world’s leading art galleries and museums, as well as many art festivals, especially in Britain, Italy, Japan, and India. At these meetings, I met and had public dialogues with many eminent artists who were hospitable to new ideas that linked neurobiology and art. In such an environment, the name-calling by hostile philosophers and art historians became harmless. Perhaps paradoxically, this more hospitable environment was, internally, also the more dangerous one. Success is more insidious and treacherous than failure; taken seriously, it risks pulling one in a perilous direction—of sleepwalking into a state of contentment and self-satisfaction through the illusion that one has achieved something of lasting value. Fortunately, I was always aware, or so I think, of how imperfect my achievements have been.

The artist with whom I had the lengthiest discussions was the French painter Balthus (Count Klossowski de Rola) whom I met at a reception in Paris in the mid 1980s; I often stayed with him and his wife, Setsuko (also a painter), at their beautiful Grand Chalet de Rossinière, by Lake Geneva. As our friendship and discussions developed, Balthus came to appreciate increasingly my argument that beauty is not “out there” independently of mind and brain but, as with color vision, the brain actively constructs it partly according to neurally inherited laws. This may seem obvious to some; I was surprised when so many had never considered it, although the idea can be traced back to Plotinus, the neo-Platonist philosopher, and from him to Schopenhauer and to Cézanne, among others. What developed into this common understanding nourished my dialogues with Balthus, the last one of which was held on April 20, 1993, in the sumptuous setting of the Palazzo Farnese. Designed during the High Renaissance in part by Michelangelo and now the French Embassy in Rome, the invitation to hold our last dialogue there came from the French ambassador, M. Philippe Cuvillier. It was a hugely inspiring setting. After my long discussion with Balthus, the ambassador had invited the Chilean-French surrealist painter, Roberto Matta, to join us for lunch. Matta had been influenced by Salvador Dali and by concepts of “psychological morphology” and “inner psychological space” to produce some stunning canvases. My conversations with him, in Rome and at his home in London, laid the germs of the article I was later invited to write, on the neural sources of ambiguity in Dali’s work, to commemorate the centenary of Dali’s birth at Figueras in Spain in 1904. The ambassador had also invited Federico Fellini, the film director and friend of Balthus who, like me, was fascinated by inner, subjective, perception but from a different angle. Unfortunately, Fellini could not make it because of ill health, to my great regret; I am sure that he would have inspired me enormously in a further undertaking. The French Embassy had evidently been meticulous in their choice of guests, bringing together diverse men with a shared passion. For me, this signified the new reality of interdisciplinary discourse between artists and neurobiologists. Or perhaps it was just another rebirth, of the time in the High Renaissance when vision was a central epistemic problem and discourse between scientists and artists was the norm.

My dialogues with Balthus were published in 1995 in a book entitled La Quête de l’essentiel.

Three other events in 1992 and 1993, all unplanned, increased my resolve to pursue neurobiologically a study of art and beauty. Of these, the most immediate trigger was an encounter in 1992 with Jean-Louis Prat, the celebrated director of the Fondation Maeght at Saint Paul de Vance, in France. I was expressing to him my interest in how the brain perceives movement when he surprised me by inviting me to the exhibition that he had curated at the Foundation on l’Art en mouvement. The exhibition exhilarated me; it contained all that I needed to prepare for an article on the involvement of the brain’s system for detecting visual motion; this, I thought, should be centered on V5 and the steps taken by kinetic artists to tailor their work to its physiology. The exhibition confirmed my conviction that artists are also scientists, dissecting brain activity but with techniques unique to them; a careful examination of their works may therefore reveal important insights about the functioning of the brain, a topic that I addressed at greater length in my book Inner Vision (1999). Soon thereafter, in 1993, I attended a retrospective exhibition at the Palazzo Grassi in Venice on Marcel Duchamp, “the Frenchman who dissects sensations” and who had turned views on art upside down with his radical thinking, by writing about “art without an artist” and coining the term “readymade.” He had long tinkered with making movement part of the work of art but had only done so to a limited extent, movement being represented statically in most of his work. Finally, on a visit to New York in 1992, my ex-research fellow, Mathew Lamb, convinced me that we should visit the superlative exhibition, The Great Utopia, at the Guggenheim Museum on a dreary Sunday morning. And it was with Mathew Lamb, whose interest in the artistic side of neurobiology was second to none, that I wrote the article entitled “The Neurology of Kinetic Art,” which was the first neuroesthetic article I wrote for a journal of neurology. Writing it was tremendous fun; we prefaced it with a “Credo” or “Manifesto of Physiological Facts”—in line with the “Futurist Manifesto” of Filippo Marinetti and the “Realist Manifesto” of Naum Gabo and Antoine Pevsner. We submitted the article to Brain, whose readership consists mainly of serious clinical neurologists, mostly in gray pin-striped suits; we were shocked when Brain accepted it. But Ian MacDonald, its then editor, was an enlightened man who was himself deeply interested in the arts. The paper had been reviewed, he later told me, by an eminent art critic, although he never revealed the name. It was another affirmation that times had changed; one could ignore the idle human chatter so admirably represented by the woodwinds in Ein Heldenleben.




A New, Neurobiological, Definition of Beauty

Although I had published a few papers on art and neurobiology before, the publication of the article in Brain ignited my desire to stray into even more dangerous territory—to study the brain mechanisms that are engaged during the experience of beauty. This was a daunting undertaking, beauty itself being so difficult a topic, discussed without adequate resolution or definition since the time of Plato. Here, another unexpected opportunity arose. Peter Day, director of the Royal Institution in London, asked me to address the topic of art and beauty neurobiologically in the Woodhull Lecture, which he invited me to deliver in 1995—a scientific rite of passage toward the forbidden territory of beauty. My new direction was greatly eased when I much later received a Strategic Award exceeding £1million from the Wellcome Trust to pursue my studies in neuroesthetics. Thus encouraged, I began approaching the question with two enthusiastic Japanese colleagues, Hideaki Kawabata and Tomohiro Ishizu. The question we addressed was inspired by my reading of Clive Bell’s book Art (1914). Bell, an English art critic, had raised a visionary and sweeping question in aesthetics. He had written that if we can determine what is common to all objects that arouse the aesthetic emotion, then we would have essentially solved the problem of aesthetics. I transcribed this into a scientific question: If we can find a neural mechanism that is always engaged during aesthetic experiences, regardless of source, then we would have solved Bell’s question on aesthetics neurobiologically, if not philosophically. The results were clear, that the experience of beauty derived from a variety of visual and musical sources correlates with quantifiable activity in a specific part of the brain, field A1 of the medial orbito-frontal cortex (A1mOFC). This finding went a long way, I believe, toward resolving the question posed by Bell.

It also led me to give a new, though strictly neurobiological, definition of beauty: that beauty is an experience that correlates with quantifiable activity in field A1 of mOFC. But beauty is also linked to desire, and Hideaki and I thought it important to learn whether the cortical area active in states of desire is linked to A1mOFC. The result was better than that: The quantifiable activity that correlates with desire occurs in the very same cortical area, raising the issue of whether there are subdivisions of different, but linked, specialization within field A1. Equally, in later imaging studies with Japanese colleagues under the direction of Yasuyoshi Watanabe at Kobe, we showed that the medial orbito-frontal cortex is strongly active during the experience of romantic love, presumably because lovers experience beauty when viewing their partners.

Because of my early belief that artists are in some measure neuroscientists, studying the brain with techniques unique to them, I started delving into the work that some had produced; I wrote articles on Dante, Michelangelo, Wagner, Dali, Francis Bacon, and Clive Bell, none completely satisfactory and the first three less so than the last three. I addressed the work of many other artists in my book Inner Vision. By then, I had authored three books alone; my favorite was Splendors and Miseries of the Brain, though it was not nearly as successful as the first two. If asked to (as I was for the first book), I would not prepare another edition of any of them now. It will be a lot easier to write new ones.




Commissioning and Producing Art (On a Modest Scale)

I was fortunate enough, during this period, to acquire two new colleagues. One was my new research assistant, Anton Burdakov, a graduate in science from Cambridge who had strong artistic tendencies and has since gone on to become a successful full-time artist in Berlin. The many discussions I had with him were invaluable, and I liked his art sufficiently to commission drawings from him for my book Splendors and Miseries of the Brain. He executed these with flare and imagination, and I still own the originals.

My close association with the Slade School of Art at UCL, where I lectured occasionally, brought me into contact with Vijay Patel, who was studying there and was intensely interested in neuroesthetics. Together, we prepared many abstract installations, inspired by Malevich’s painting entitled White on White, which Malevich thought of as the end of representational painting and the beginning of Suprematism; the latter he described as “nonobjective art” and “nonobjective sensation,” themes that rhyme well with my views; his attitude to art is summarized brilliantly in his statement that “Art wants nothing further to do with the object as such.” I took this to mean that the artist will create what is in his brain, without reference to the outside world. Whether I am in error or not does not matter; the Suprematist approach was inspiring and, for Vijay and myself, became another departure into a world of abstract installations illuminated in a new way. Using my knowledge of colored shadows and Vijay’s artistic abilities, we jointly designed these installations so that they could be illuminated to produce shapes with a variety of colors on the walls behind them. This was a great collaboration; it illustrated for me the huge difficulty of producing works of art that satisfy one’s concepts. Eventually, we were both satisfied enough with what we had produced; more significantly, what we produced satisfied the Pecci Museum of Contemporary Art in Milan sufficiently for them to organize an exhibition of our works at their gallery in 2011, with the help of Ludovica. We named the exhibition: Bianco su bianco: oltre Malevich (White on White: Beyond Malevich). Neuroesthetics was no longer solely a theoretical and experimental study; it had become an artistic endeavor as well.




Biological and Artefactual Beauty and the Bayesian Hierarchy

Color, which had dominated my outlook for so long, now became the path toward more questions about beauty. My 2020 paper on the Bayesian-Laplacian brain with Oliver Chen had approached the question of the extent to which percepts or opinions can be updated and modified through knowledge and experience. We had proposed that the extent was limited when it came to color categories. It was now time to apply our views, that there is a hierarchy in the facility with which opinion can be updated, to beauty. The question to consider was encapsulated in the Latin phrase: De gustibus non est disputandum; this is rendered somewhat more palatable in its common English form as “beauty is in the eye of the beholder,” a leaden phrase deadly enough to bring any discussion on beauty to a screeching halt. How true is it?

We decided to divide beauty into two very broad categories—biological and artefactual, inspired by, although different from, Immanuel Kant’s philosophy. Kant had said, “percepts without concepts are blind.” We agreed with that but divided brain concepts into two broad categories, with subdivisions within each: We suggested that biological stimuli such as faces, bodies, and landscapes are interfaced through inherited brain concepts and artefactual ones such as buildings through acquired concepts. It follows that inherited, biological concepts should be much more resistant to Bayesian revision through external opinion or new experiences than artefactual ones, which can be subject to continual revision and updating throughout life. Broadly speaking, our psychophysical experiments confirmed this by showing, first, that human faces judged to be very beautiful in some cultures are likely to be also judged as very beautiful in others; this is presumably because the aesthetic status of faces depends to a significant degree on correct proportions and relations of parts of the face to one another, which is universal, as the ancient Greek sculptor Polykleitos had proposed. This is not true of artefactual beauty where opinion is much more diverse and divided. Such a division is uniquely visible in the artistic output of Francis Bacon, whose self-proclaimed aim had been “to give a visual shock.” In an article on him with Tomohiro Ishizu, we argued that Bacon did so by mutilating on canvas the inherited concepts of faces and bodies but did not mutilate objects or did so to a far lesser extent. With other colleagues, I showed, in studies in which subjects of different racial and cultural backgrounds assessed the beauty of human faces belonging to different races, that the assignment of aesthetic status to a biological stimulus is less hostage to revision through experience and peer opinion, compared to artefactual stimuli. I was beginning to acquire a new outlook on beauty in a broader sense. Taken in conjunction with our work on color, Chen and I concluded that there is some kind of hierarchy in the Bayesian system. At one extreme is color vision where no amount of knowledge or experience is likely to modify one’s perception of the color category of a surface, although its hue may be subject to Bayesian revision. Next to it comes mathematical beauty, which, if not as resistant to revision as color, is high up the scale, following which comes biological beauty where stimuli are more resistant to revision than the final category, that of artefactual stimuli, whose aesthetic status is much more pliable.

My studies on the neurobiology of beauty excited the interest of Sir Michael Atiyah, one of the greatest mathematicians of the 20th century. His view, shared by other mathematicians, including Bertrand Russell, Paul Dirac, and Hermann Weyl, was that there is a strong aesthetic and artistic element in mathematics; indeed, that the guide to the veracity of a mathematical formulation lay in its beauty rather than its simplicity. Michael often recounted how beauty had triumphed in Weyl’s mathematical formulations that had reconciled the electromagnetism of James Clerk Maxwell with Einstein’s theory of relatively, despite Einstein’s earlier objections to Weyl’s formulations. He wanted me to enlarge my aesthetic studies to include mathematics. This was fraught with difficulty; it amounted to studying the most extreme example of beauty, one that is heavily dependent on culture and learning; no one who is not trained mathematically would be able to experience beauty in a mathematical formula. But it was also a radical departure, because it explored the extremes of aesthetic experience. The study was long in the making; Michael objected to many of the formulae that we collected, often because he felt they included too much physics or were not abstract enough. Sensing the importance of the experiment, my highly demanding research assistant, John Romaya, suddenly also upped his demands and made a major contribution to the study by going through every single formula and every single result with his mathematical pitchfork, until I asked him to stop, stop—the results were too obvious and clear cut; they showed that, as with varieties of visual and musical beauty, the experience of mathematical beauty also correlates with quantifiable activity in A1mOFC. This added a highly cognitive element to solving Bell’s problem of aesthetics; we had now come full circle in showing that the brain abstracts for beauty since activity in the same area correlates with the experience of beauty, regardless of its source. Kant had enquired into what mathematical beauty consists of; he thought that our reasoning faculties rather than a mind-independent truth “out there” leads to it, that “it makes sense.” But sense to what? My answer has been: to the logical inductive and deductive systems of the brain, which is the same for all human brains and which is, in turn, why I put mathematical beauty in the biological category.

Given my earlier experience with philosophers, I was surprised how hospitable renowned mathematicians were to our incursion into their field of mathematics.

We sent the paper to Nature, Science, and Current Biology; all rejected it within 48 hours; all the rejections were accompanied by prissy letters advising us to send the paper to more specialized journals. We sent it to Frontiers in Human Neuroscience. At the time of writing this autobiography, it had been viewed 229,000 times, including from war-torn countries and regions like Libya, Yemen, the Gaza Strip, Syria, Myanmar, and Nigeria, as well as remote islands like French Polynesia, Samoa, and Tonga. The little confidence that I had in the judgment of most scientific journalists, with some remarkable exceptions, as to what topic is of general interest could now be justified.

There is, indeed, a biological, perceptual imperative even in mathematics, which is why Mikhail Filippov and I emphasized the importance of importing neurobiology into mathematical studies. This approach bore fruit later when my colleagues and I showed that perceptual axioms are irreconcilable with, and trump, Euclidean geometry. In its way, it was also a demonstration of the brain constructing its own perceptual realities stubbornly, even when they lie in opposition to the cognitive axioms whose origins can also be traced to the brain. It is, I hope, the beginning of new enquiries into the dominance of brain-generated immediate experiences over cognitively acquired brain knowledge.




And Love?

Beauty is linked to romantic love, another difficult topic; I addressed it in a limited way, through experimentation and through considering the world literature of love. The latter was critical and constitutes a perfect example of why neurobiologists should take the output of the artists (in the broadest sense) seriously when formulating their questions, for works of art are themselves products of the human brain and regulated by its capacities. In terms of love, my readings of the world literature of love showed that a central—I believe biologically based—concept that emerges is that of the “unity in love,” or the desire for it. This is true not only in romantic love but also in spiritual love. Whether one looks at the writings of the Azeri poet Nizami, or those of the Sufi poets Rumi and Hafiz, or Michelangelo, or the Indian legend of Radha and Krishna, or Wagner’s Tristan und Isolde, or Emily Brontë’s Wuthering Heights, the theme of unity in love emerges prominently. It emerges powerfully, as well, in writings of romantic love that have a strong sacred element, as in those of Petrarch’s Canzoniere, or the writings of Saint Theresa or Saint John of the Cross, among others. Such a concept does not emerge from neurobiological studies themselves. But my imaging studies on love suggested possible neural explanations for this concept as well as for the phenomenon of the “madness of love” celebrated by poets from Plato onward. I undertook these studies with Andreas Bartels (on straight romantic love) and with John Romaya on homosexual love (both gay and lesbian). I had been reluctant to broach the latter subject; if the results were to show that there are significant differences in the pattern of brain activity when homosexual men and women view their partners compared with their straight counterparts, then this would provide just the kind of evidence that those who consider homosexuality to be an aberration need to strengthen their view, thus leading to the possibility of further oppression. I pondered the question for a long time. In the end, I decided to do the experiments and live with the consequences.

Given my studies of the literature of love, which reveals a similarity in the desire for unity in love regardless of the orientation of those experiencing it, it was not surprising to find that the results for both groups were broadly similar, if not identical (a reminder that we were studying the basis of romantic love, not sexuality). Prominent among these was the deactivation of large parts of brain areas obtained in both studies, especially in areas of the brain reported by others to be important in distinguishing between self and others; this possibly constitutes a neural basis for the unity in love in which the distinction between self and the beloved is blurred. The other interesting observation, in both groups, was of a significant deactivation in areas of the brain that are considered to be involved in judgment, when lovers look at the pictures of their loved ones. This raised two interesting questions—namely, that the suspension of judgment when in the amorous state is restricted to the loved person; it does not, for example, extend to a suspension of judgment about mathematics in a mathematician or music in a musician; it is, in other words, very specific. The other question relates to marriage. Unknown to me, the importance of this specific suspension of judgment had been recognized by the Catholic Church long ago, in the context of human behavior. It was Myriam Tinto, a jurist at the Vatican, knowledgeable in ecclesiastical law, who pointed this out to me. The Catholic Church, which does not accept divorce, will nevertheless consider the lack of a “discretion of judgment” as a reason for annulling a marriage, if it can be proven that the marriage was entered into when one or both had lost their faculty of judgment. The relevant passage is to be found in the Codex Juris Canonici (Code of Canon Law; Can. 1095, n. 2); it reads as follows: “The following are incapable of contracting marriage: [ ] those who suffer from a grave lack of discretion of judgment concerning the essential matrimonial rights and obligations to be mutually given and accepted.” And when are humans rendered incapable of exercising the discretion of judgment? When they are passionately in love of course. This shows very forcefully how even law and jurisprudence can be used to gain insight into how the brain functions; they are, after all, products of our brains.

There were two other dimensions to love that I really wanted to study. One was religious love, a study that I actually embarked on but found difficult; the results were baffling and I never published them. I discussed my work with priests and priestesses, who persuaded me that my approach was misguided. I abandoned the effort as too complex for me. I unfortunately never embarked on the third category of love, namely passionate love in old age, which I deem is necessary—along with straight and same-sex love—to really understand romantic love neurobiologically. I hope that someone will think it a worthy enterprise to pursue.




The Mapping of Experiences in the Cerebral Cortex

I have emphasized strongly that a common conclusion that arose from my studies, whether of the organization and functioning of the visual brain or of neuroesthetics, is that what is mapped in the brain is experience, which is the result of specific brain operations. I perhaps reached that conclusion somewhat indirectly and only relatively recently. I had, many years ago, emphasized that what is represented in the visual brain is neither the retina nor the visual field because, even though one may find that in some areas these are mapped in an orderly and in others in a disorderly way, one can nevertheless only elicit activity from them if one activates their cells in a particular way, according to their specialization. I now move a step beyond to the notion that what is localized in the cerebral cortex are apparatuses for generating specific experiences. At one end of the brain, quite literally, is the apparatus for generating the experience of oriented lines, and it is perhaps no accident that the oriented line became an autonomous element depicted in works of art, which Rodchenko, the Russian Constructivist artist, insisted he had introduced into art. If oriented lines are a physiological reality, they are also a visual experience, just as visual motion, depicted in kinetic art, is. Both are dependent on specialized cells inhabiting specialized areas. At the other, front, end of the brain, the apparatus for the experience of beauty is localizable in the sense that, whatever its source and whatever activity in specialized areas its activity correlates with, activity in A1 of mOFC always correlates with the experience of beauty. Before the chorus of excoriation starts, of how dare I localize the cortical apparatus for experiences, especially ones such as beauty, to particular brain areas, let me say at once that I am not advocating that these areas act alone but only that activity in them is central to the relevant experience. Some philosophers, and particularly those trained in metaphysics and mereology, might disagree. I accept that.

My interest in neuroesthetics triggered in me a desire to start an undergraduate course in neuroesthetics at UCL. I had always tried to avoid formal teaching, concentrating on tutorials instead. When I was forced to do so for a period of two to three years at the very beginning of my career, I chose to teach topographical anatomy, something despised by most except by young aspiring surgeons. I did so because topographical anatomy does not change from year to year and therefore does not require updating. With neuroesthetics, it was different—updating annually became a pleasure, a pleasure much enhanced by the enthusiasm with which students embraced the course. My task was made that much more enjoyable through the help and insight that I received from my teaching assistant, Taylor Enoch.




The Summing Up

I gave of my best, such as it is, to my chosen subjects; I pursued my career at UCL for almost 65 happy years, ending it just one month short of my 85th birthday; when I stepped down, I was perhaps UCL’s longest serving and, chronologically speaking, most senior professor. I served under nine provosts, several heads of departments, and many deans. Throughout, UCL never brought any pressure on me to retire, quite the contrary; I salute my institution for that. I did not retire because of infirmity or ill health, nor because of waning enthusiasm. I did so because I had almost imperceptibly entered a different world, quite remote from the brilliant one I had experienced when I first entered UCL 65 years ago. It is a world to which I am increasingly ill adapted; a world in which educational institutions are gradually losing their purpose of seeking knowledge and are becoming corporations instead. I do not blame any individuals or institutions for this. It is just that times have changed, and I have not changed along with it or perhaps not changed to nearly the same extent. As well, lacking the virtuosity of an Andrew Huxley, I am also ill-suited to learn the increasingly complex and rapidly changing technology necessary to handle experiments; should the need arise, I would require the assistance of multitudes, which I dread. My only solution is to create a brave new world of my own, one that will nourish what I have lived for professionally, the seeking of knowledge through new ideas. Together with a few colleagues, I have addressed this void; we have created our own informal academy that meets regularly to exchange ideas. Ironically, this is made possible by what has also made me withdraw from experiments—a sophisticated technology that enables us to talk across countries and continents.




Exiguum Reliqui, Sed Satis Mihi Fuit1

During this long career, I have contributed a little, but not much, to understanding how the visual brain operates and a little but even less to understanding beauty and love. That little was made possible only by what those who had preceded me had bequeathed before I played my part. In words reminiscent of Evelyn Waugh’s Brideshead Revisited, I see myself as having built a new and imperfect house from the stones of the old castle. I learned much from the builders who came before me; I also learned, though in lesser measure, from the darker intent of adversaries. The little that I have achieved would not have been possible without both.

I do not pretend that the stones of my new house will not be used to build another, better one. I hope that they will. I do not treat any of my hypotheses as dogmatic. As Ramón y Cajal, one of our greatest, said when addressing the issue of consciousness in his Histologie du système nerveux de l’homme et des vertébrés: “We do not wish to give our hypotheses a dogmatic character. We know too well that a hypothesis can be reversed, from one day to the next, by unforeseen facts. The best we can hope for is that there should remain from our hypothesis something of the facts on which it is based.”
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Huda Zoghbi


Growing Up in Beirut

I was born and raised in the beautiful city of Beirut, Lebanon. My father owned a business producing olive oil and olive oil soap. I recall that when I was growing up, he always brought these soaps home, but we turned our noses up at them, much preferring fancy US or European perfumed soaps. I find it ironic that now I am always searching for these natural olive oil soaps and am willing to pay top dollar for them.

Mom was a homemaker who made it her life’s mission to ensure that we ate healthy food, slept well, and studied diligently so we could excel in school. We were not allowed to have anything that came from a can; everything had to be fresh and ideally made by her. While other kids had sodas and tuna sandwiches for lunch, we had home-cooked meals, fresh fruit, and her homemade lemonade. Fast forward to today, and I am so grateful for her insistence on fresh, unprocessed foods—we all owe our well-being to her strict nutritional habits. Beyond her attention to our nutrition and health, Mom was highly attuned to our emotional needs, dedicating her life to ensuring that we were well-cared for and felt happy and loved.

Growing up in our household was interesting on many other levels as well. Television was not allowed because our parents insisted our time should be spent on weekend excursions to the mountains, or at home reading and studying. When my oldest brother, an engineer, became an executive with Philips Electronics at the age of twenty-nine, we finally got a television—by which time I was already a teenager. My older brother was so much older than I was, so I became closer to his children, who were nearer to my age, and we always played together along with my two younger brothers.

My dad had a huge library with floor-to-ceiling shelves housing hundreds, if not thousands, of books. He read constantly and was a resource to many in our city, whether they were graduate students, community leaders, families trying to learn about their roots, or even the prime minister of Lebanon. My dad loved reading and had amassed tremendous knowledge without having attended college. He also traveled extensively and hosted many business dinners and lunches at our home. Some of his international business colleagues spoke only English, while he spoke only Arabic and French. This meant that the oldest child in the house who could speak English had to serve as translator. I remember sitting at a long table surrounded by adults—mostly men—translating for my dad. This began when I was about 10 years old and continued until I left for the United States. Reflecting on this experience, I am certain it helped me become a better communicator and someone comfortable in any situation. It also taught me a great deal about people from different cultures, showed me how to interact with them naturally, and enabled me to develop more sophisticated social skills at an early age.

Growing up in Beirut during the 1960s and early 1970s was a dream. The city was vibrant and beautiful—from one window you could gaze out at the Mediterranean Sea, and from another, at snow-capped mountains. The nickname “Paris of the Middle East” was quite accurate but add to that the gorgeous natural landscape and topography. There was so much to do, from visiting parks, beaches, and mountains to enjoying some of the best food in the world with friends and family. My parents were strict, so I could not spend the night at friends’ homes, but they allowed me to have friends over to stay with us. In addition to friends and siblings, I had two maternal uncles who were only 10–12 years older than I was—one a physicist and one a physician—and both spent considerable time with me playing chess, going on hikes, or simply sharing knowledge over long meals.

The combination of these experiences, together with having a mom who pushed us academically and a dad who always emphasized the importance of knowledge, meant that I spent much of my time reading both Arabic and English literature. The school system was exceptional, and I recall my education being remarkably rich and rigorous, especially in middle school and high school. We had to learn three languages—mine were Arabic, English, and French—and we had to study all subjects, including chemistry, physics, and biology, every year of high school rather than in alternate years. I remember starting to drink coffee in high school just to stay up studying late into the night. In fact, we took so many advanced literature and science classes that we qualified to skip our freshman year of college and enter university as sophomores.

Given my love of reading, I wanted to study English literature at the American University of Beirut (AUB). My dad was perfectly happy with my decision. My mother, however, had a different plan: She wanted me to study medicine and insisted that I enroll in biology and take all the premed classes. We fought about this constantly, and she was unrelenting. She told me writing could be my hobby, but that I should pursue a career in medicine so I could be independent. She recruited her brother to help convince me, insisting that a career in medicine was far more straightforward than a career in writing (I have no idea how she arrived at this conclusion). I rebelled and declared I was sticking with my plan—and then she pulled out any mother’s most powerful weapon: tears. She began crying around the house, devastated that I was throwing away my future; she was in anguish for days over my decision. That broke my heart, because my mom is simply the kindest human being I have ever known—a gentle soul who never interferes, never gossips, and has never done anything wrong in her life. For her to feel so strongly about me going to medical school meant this was the most important thing in the world to her. After some thought, I decided to honor her wishes and enrolled at the AUB as a premed student.




American University of Beirut, 1973–1976

I was thrilled to be admitted to the AUB, a prestigious university that boasts a long list of internationally important alumni in positions of prominence across many fields. Given that an AUB education focused on an intensive liberal arts curriculum, I signed up for as many literature, philosophy, and cultural studies classes as I could while still fulfilling the biology, chemistry, and physics requirements to qualify as a premed student.

This was one of the most enjoyable periods of my life, particularly because many of my best friends from both my own high school and other schools also attended AUB. We learned a great deal and relished the campus—truly one of the most beautiful in the world, with its stunning landscape, its own beach on the Mediterranean, and magnificent banyan trees more than 100 years old. Founded in 1866, AUB was lush with many ancient trees overlooking the sea. The students were impressive and outstanding; the professors inspiring. I loved all my classes, including the sciences. I did well academically, but my grades in literature and philosophy were what distinguished me from other premed students. I always joke that the reason I got into medical school is because my literature and philosophy grades pushed my average above those of the more biology-focused students. I began medical school at AUB in 1975–1976. Because I had been admitted as a sophomore, and they counted our basic science year toward the college degree, I completed just two years of undergraduate study before entering medical school.

Medical school was wonderful. We were a class of 63 students, 9 of whom were women, and we had fantastic professors—like Adel Afifi and Ronald Bergman—who wrote textbooks used in the United States. I enjoyed all my classes and meeting new people. Life felt perfect until tragedy struck: The civil war broke out in Lebanon. Bombs began falling, and the life we had known and cherished was shattered.

It became dangerous to travel to campus since I was commuting from about two miles away. Several other students commuted as well, and given the danger, we had to decide whether to finish the school year. Our professors met with us and asked what we wanted to do: Continue the year or go home given the war raging outside campus? We decided we wanted to finish, and the professors all agreed to stay and teach. I still reflect on those professors who not only sought our opinion but listened to us and honored our wishes. I remain in awe that so many of them—whether from Lebanon, other Middle Eastern countries, or the United States—were willing to stay so we could complete the year.

Once we agreed to this plan, however, we had to follow strict safety rules: If you were staying on campus, you had to be either in dormitories deemed safe or in rooms without windows. Since I did not have a dormitory room, I had to find a windowless space. The only option I could locate was a small closet in the women’s restroom. I laid a sleeping bag on the floor and stayed there for the remaining six months of the school year. Many other students did the same. Some of the male students didn’t have the luxury of finding a private room, so they would hang a curtain over an indentation in the wall and call it their space.

We managed, and it became an extraordinary bonding experience. We were together constantly—studying during the day and listening to music at night while some played guitar, pondering what would happen and whether the war would end soon. I made dessert for the entire class. Although I had never learned to cook because my mother always shooed me out of the kitchen, I had learned to make one popular Lebanese dessert: a cheese-based sweet with delicious cream and honey syrup. I used the Bunsen burner in the laboratory to melt the cheese, and that dessert became a great hit with our medical school class.

During all this turmoil, I met William Zoghbi, one of the top two students in the class—but what distinguished him to me was his incredibly kind smile. We started dating, which meant walking together on campus, spending time with friends, or sitting on a bench watching the sunset. I recall one particular evening when we were walking together just before sunset, holding hands. For just a moment, we let go—and in that instant, a bullet passed right between us. We could both see it glowing bright red as it shot through the space between our arms. We looked at each other, each assuming the other had been injured, but miraculously neither of us was hurt. It was an unbelievable moment: Had we continued holding hands, that bullet would have torn through both of us. To this day, we reflect on that experience, stunned that one small movement helped us dodge that bullet.

Things escalated in the spring, and my brother, who was in high school, was tragically hit by shrapnel. By the end of the school year, my parents decided I should leave for the United States to join my older sister, who was living in Texas. They were convinced this would be “just for the summer” and that I would return home in October, as hopefully the war would be over by then. The airport was closed, so they arranged for us to leave via Damascus and then travel to Switzerland, where I had an uncle who might help me obtain a tourist visa for the United States. I left with my two younger brothers, ages sixteen and eleven. It was not easy traveling as a 21-year-old woman through Syria at that time, but we managed to get out safely and made it to Switzerland, where I spent time with my uncle in Lausanne.

I was deeply worried about the family and friends I had left behind and was sad to be away, especially from the friends with whom I had bonded so closely. To distract myself, I explored the area and discovered the Castle of Chillon, which I visited several times. “The Prisoner of Chillon” remains one of my favorite poems.




Coming to the United States

Eventually, we obtained our visas and came to the United States, arriving in Houston, Texas, on July 4, 1976. My sister and her husband picked us up, and we drove to Austin. When we arrived, I began hearing explosions again. I started screaming and crying, thinking the war had followed us here—the sounds were so similar to the bombardment I had been hearing for months in Beirut. Everyone rushed to calm me down, assuring me it was just the Fourth of July celebration. I then learned it was an especially significant occasion: the bicentennial birthday of the United States. At the time, I didn’t understand why I had reacted that way, but eventually I learned about posttraumatic stress disorder (PTSD). In hindsight, I clearly had PTSD from months of hearing bombs night after night.

At first, I enjoyed being in Austin—the quiet, the peace. My siblings and I began exploring the city and learning about life in the United States, all of us counting the days until October, when they would return to their schools and I to medical school.

Our dreams of returning to Lebanon were shattered when the war escalated. Rather than going back in October, we found ourselves stranded in the United States. My brothers quickly enrolled in local schools, but I was at a loss. I applied to dozens of medical schools across the country, explaining my situation. My parents were able to obtain my grades and send them by telex. I explained that I could not return to Lebanon because even the route through Syria was now closed and the airport remained shut. I was rejected by everyone.

I grew despondent and worried. Then a family friend, an engineer living in Nashville, became concerned about me and invited me to spend the weekend with his family. I went to Nashville, and he and his wife were very kind, trying to cheer me up. In the way of people who simply want to help, he said, “There’s an office for the Hospital Corporation of America in my building—let’s visit them tomorrow and see what they suggest.”

The next day we went, and an executive there suggested I visit Vanderbilt. So I did. I showed them my grades and explained my situation, but they said they were sorry—they couldn’t accept me because the school year had started in August, and moreover, they didn’t take transfer students, especially ones arriving two months late. They did, however, mention another medical school in Nashville called Meharry Medical College.

I had never heard of Meharry, but we went there immediately. I shared my story with them, and the dean looked at me, looked at my grades, then looked at me again and said, “You can start school tomorrow.”

I was thrilled and stunned—I had grown so accustomed to rejection. To this day, I am forever grateful to that dean for giving me the opportunity to enroll. It was such a critical turning point in my career, enabling me to finish my education on time and graduate from a US medical school. Of course, I still had to convert my tourist visa to a student visa, but thanks to the immigration laws of that era, it was possible.




Meharry Medical College

My first year at Meharry was difficult. It was the first time I had lived away from home. I was worried about my parents after bombs had struck our house, and I missed my classmates—especially William. This last issue was soon resolved, however. The following year, William transferred to Meharry, which made life in a new country much easier.

I received a fantastic education at Meharry but opted to do electives at other schools during my fourth year to increase my chances of securing the residency of my choice. I completed rotations at Emory University, Stanford University, and Baylor College of Medicine. I enjoyed all three places but fell in love with California because its climate reminded me so much of Lebanon. I did very well at Stanford, and even though they said I was outstanding, I was told that my odds of being accepted there were slim. In contrast, while at Baylor doing an elective in pediatric cardiology, the newly appointed chair of the Department of Pediatrics, Dr. Ralph Feigin, called me into his office, interviewed me, and asked, “What can I do to get you here?”

This was a tremendous surprise. I had grown accustomed to being rejected by every residency program I applied to, despite having excellent grades and impeccable scores on the national exams. Somehow, because of my hybrid education—AUB and Meharry—most programs were uninterested in me. So, when Ralph asked what he could do to bring me to the Baylor College of Medicine pediatrics residency, I was stunned and thrilled. To this day, I reflect on the transformative effect his decision had on my career.




Baylor Pediatrics and the Switch to Neurology

When I started pediatrics, I was certain I wanted to become a pediatric cardiologist. The pediatric cardiology program at Baylor College of Medicine and Texas Children’s Hospital was—and remains—the top program in the nation, given the complexity of the cases they handle and their outstanding outcomes. During my medical school elective in cardiology, I had fallen in love with the specialty. I enjoyed meeting children with neurodevelopmental disorders and congenital heart disease and connected with the children on many levels. I recall one 18-year-old with Williams syndrome who would light up when I visited his room, shouting, “Good morning, Señorita!” He brightened my day and made work feel like joy. I loved that the cardiologists used various catheterization approaches to repair congenital heart defects and improve these children’s lives. I wanted to be part of that team, and they promised me a fellowship spot as soon as my pediatrics residency was complete. I was set.

I loved my pediatrics training and learned enormously from Ralph Feigin. From him, I learned what clinical scholarship truly means—how you dig deep to reach a diagnosis. His mind could pull data from every textbook to construct the best differential diagnosis and arrive at the right answer. I treasured Feigin rounds and vowed to always be as thorough as him and never leave a stone unturned. That commitment served me well later in research. Beyond his mentorship, Ralph became my resource for everything in life—which is why I call him my American father. His support, when others passed me over, has everything to do with my remaining at Baylor College of Medicine and Texas Children’s all these years.

During my second year of residency, I rotated on neurology, and that is when I met Marvin Fishman. He and I sparred on rounds—I would tell him about fascinating cases of congenital heart disease, and he would argue that the brain phenotype was what truly mattered. We debated constantly, and I insisted I was determined to become a pediatric cardiologist. But within a month of finishing my neurology rotation, I realized how much I missed our discussions about the brain and how much I loved taking a thorough history to localize the lesion and define the anatomical source of symptoms. I went back to Marv and told him that after considerable reflection, I had decided I truly wanted to be a neurologist.

He was thrilled and welcomed me with open arms. The cardiologists, however, were upset, saddened, and incredulous. It literally took a few years for them to forgive me. Thankfully, when William became an adult cardiologist, they enjoyed working with him—and that earned me faster forgiveness.




The Inspiration for Research and the Power of Serendipity

I was excited to begin my pediatric neurology training. I imagined that when I finished, I would be an academic pediatric neurologist who teaches and perhaps conducts clinical research. During my pediatric residency, I had solved some unusual metabolic and genetic cases and published clinical papers on them, so I was convinced I would continue that work after completing my fellowship.

As I immersed myself in neurology training, however, I grew increasingly frustrated by all the devastating diseases we encountered and our inability to do much about them. I felt terrible telling a family that their child had a genetic disorder when we didn’t know the exact cause—and that it could happen again.

William and I had married at the start of my neurology training, so he heard my sadness and worry about the patients and families I was seeing. He supported me but didn’t really know how to help me manage my feelings when confronting these devastating cases.

And then one fateful day, I encountered a case unlike anything I had seen before. Up to that point, the patients whose diseases broke my heart fell into one of two categories: either they were born with a severely disabling developmental abnormality—a smooth brain, abnormal brain structure, or part of the brain outside the skull—or they were born healthy but over time their brains degenerated, causing them to lose skills and, sadly, eventually die.

But in October 1983, I encountered a beautiful girl named Ashley who had a devastating neurological disorder that fit neither category. She had been born healthy and achieved all expected milestones—saying words, being social, running, using her hands purposefully—until age two, when everything stopped. She lost all her skills, became withdrawn, lost purposeful hand use and instead wrung her hands constantly, developed ataxia and motor difficulties, and had breathing irregularities that oscillated between apnea and hyperpnea.

She was referred to us by her pediatrician, Dr. Marlene McAlevy, who suspected Rett syndrome based on an article just published in the Annals of Neurology by Bengt Hagberg and colleagues. Hagberg had observed females with a progressive syndrome of autism, dementia, ataxia, and loss of purposeful hand use. He began presenting his observations at European conferences, where colleagues alerted him to a 1966 paper published in German by Andreas Rett describing females with a strikingly similar disorder. Hagberg accordingly named it Rett syndrome in recognition of Rett’s earlier publication.

When I read the paper, I found that Ashley’s symptoms matched all the features of Rett syndrome, and I was convinced that was her diagnosis. As a first-year neurology trainee, I had to confirm this with my attending faculty—Dr. Alan Percy in neurology and Dr. Vincent Riccardi in genetics. Both were intrigued and agreed it sounded like the newly described disorder, but given that this was the first such case we had seen, we were cautious.

As neurology trainees, we had the privilege of choosing which cases to see in our “fellow clinic.” I selected a patient with a diagnosis of cerebral palsy. I chose this diagnosis deliberately because I knew it was often used when a clinician didn’t know what was causing a child’s neurological problems—so I figured it might be a puzzle I could solve.

A week after I saw Ashley, I was scheduled to see my cerebral palsy patient. I was waiting in my office when I saw a 12-year-old girl enter, walking with difficulty and wringing her hands exactly as Ashley had. She had the same gait and breathing abnormalities. I interviewed her mother, examined her, and to my astonishment, she had all the features of Rett syndrome—from early normal development to slow progression and loss of balance and hand use, as well as cognitive and social challenges and seizures.

I could not believe the serendipity. What were the odds of seeing two patients with Rett syndrome within a single week when no one had yet reported on this condition in the United States? I decided that if I had seen two in one week, there must be more in the neurology clinic’s medical records.

To find them, I needed help from the clinic volunteers. These volunteers were members of the Blue Bird Circle, the oldest philanthropic organization in Houston, founded in 1923. The “Blue Birds” are women who check-in neurology patients at the clinic, help parents navigate, assist physicians with recordkeeping, arrange social worker appointments as needed, and volunteer in a resale shop to raise money for research and patient support. I went to the Blue Bird volunteers, gave them a list of Rett features, and asked if they would kindly search the medical records to find females with three or more symptoms on the list.

At the time, we had no electronic medical records, so the volunteers spent weeks combing through paper files. They were efficient: After just a few weeks, they returned with thirty-five charts. I reviewed them carefully and noticed that one of the girls had actually been seen by me as a two-year-old. At that time, she had only tremors and balance problems, but I had described her as having very unusual breathing—alternating between fifteen breaths per minute and forty breaths per minute. I had recorded her vital signs and noted the irregularity, but we hadn’t understood the relationship between her breathing and motor difficulties.

After reviewing all the charts, I identified six girls who fulfilled the criteria for Rett syndrome and invited them back to the clinic. Dr. Alan Percy joined me in overseeing the assessments, and we both agreed they clearly had Rett syndrome. We performed numerous tests—imaging, chromosome analyses, blood work—but none were revealing. Our colleague Dr. Daniel Glaze performed electroencephalograms and identified several abnormalities. Because of some of the motor abnormalities, tremors, and breathing dysrhythmias, we decided to assess the biogenic amines in their spinal fluid. I performed the spinal taps, and we collaborated with Dr. Ian Butler at the University of Texas in Houston to measure the metabolites. To our surprise, we discovered that the metabolites of dopamine and norepinephrine were reduced in the cerebrospinal fluid of these girls.

We submitted a paper describing the first Rett patients from the United States, highlighting the reduction in biogenic amine metabolites, to the New England Journal of Medicine. The paper was accepted. I recall Dr. Percy coming to my labor and delivery room just a few hours before I delivered Roula, our first child, so I could sign the publication release forms.

As soon as the paper was published, neurologists around the country read it and began referring patients with Rett syndrome to our clinic. Before long, we had more than 200 patients with Rett syndrome followed at the Texas Children’s Hospital neurology clinic, renamed the Blue Bird Circle Rett Clinic because the Blue Bird Circle volunteers supported a nurse practitioner and research coordinators to help with assessments and establish this specialty clinic.

Once I had seen dozens of girls with Rett syndrome, I became convinced that this disorder must be caused by a genetic defect. After having my own daughter, I kept reflecting on how heart-wrenching it must be to have a healthy girl and then watch her lose the skills she had gained and to develop so many challenging symptoms. Rett syndrome broke my heart, and I felt compelled to do something to understand this disease better.

I decided a good starting point would be to find the gene—but I quickly realized my limitations. I had no research experience and had never touched DNA. As a first step, I thought I should collect blood from the 200 or so patients with Rett syndrome followed in our clinic. I turned to the Blue Birds, and they generously gave me $50,000 to collect blood for future DNA studies.

The serendipity of seeing two girls with Rett syndrome in one week, the discovery of more girls in our clinic, and the profound impact of these patients had on me all played a role in helping me make the most important decision of my career: As soon as my clinical training was complete, I needed to be trained as a scientist so I could find the cause of Rett syndrome.




My Scientific Mentor

Having established that I needed to be trained as a scientist, the next step was to identify a mentor willing to train me. I needed a geneticist highly skilled in molecular biology. The one person who stood out was Dr. Arthur Beaudet, one of the earliest discoverers of disease genes through his work on urea cycle defects. Although Art’s gene discovery had not been made through mapping and positional cloning, his expertise in molecular biology was exactly what I needed. I had known Art through our interactions in the clinic, and I knew he thought positively of me because we had collaborated on cases we had solved together.

I reached out to him in the summer of 1984. When we met, I told him I wanted to explore the possibility of joining his lab in eleven months as a postdoctoral fellow so I could work on the genetic basis of Rett syndrome. He was intrigued and asked me to tell him more about the disorder, so I did, mentioning that I had access to about 200 families with children with Rett syndrome. He grew excited and asked to see the pedigrees. I shared my pedigrees with him, and it was immediately clear that every family had only one affected child. He was visibly disappointed. He told me this was a sporadic disease and that there was no way to find the gene for a sporadic disease given current technology. He said I could not work on this project given the challenges and that I should pick something else.

I was crushed. I tried to convince him that if we focused on the X chromosome, given that the disease struck females, perhaps we had a chance—but he was not persuaded. He offered to let me work on urea cycle defects or join efforts focused on cloning the cystic fibrosis gene. I told him neither interested me. He was kind and did not dismiss me for refusing to work on projects in his lab, but he suggested I think about other topics that might interest me.

Before I left his office, he mentioned that he had seen an ataxia patient whose family was from Montgomery, Texas, and that there were more family members with ataxia. He offered to introduce me to the family if the topic interested me.

I was deeply disappointed that I could not work on Rett, but I listened—he was the expert. I went back to my clinic office and started thinking about what I wanted to pursue. I kept going back and forth between mitochondrial disorders, having seen many children with these conditions, and the dominantly inherited ataxia, for which I could expand the family. I read the literature on mapping a dominant gene and learned that the Huntington’s disease gene had just been mapped. Given that landmark paper and my curiosity about why a single mutant allele is sufficient to cause disease—and why it takes years for symptoms to manifest—I decided to map the ataxia gene.

I went back to Art so he could introduce me to the family members. He was excited and told me to write an NIH K08 grant on mapping and cloning the spinocerebellar ataxia gene. Of course, I had not yet worked at the bench, but I had connected with the family members and drawn a very large seven-generation pedigree with more than 40 affected individuals. I understood the principle of mapping from having read the Huntington’s disease paper, but I had no idea how to develop a polymorphic marker, clone a piece of DNA, or perform a Southern blot. So, I took the Maniatis manual home and began studying it, learning the different techniques applicable to my project.

I put together a K08 application that Art reviewed. We went back and forth until he was satisfied. I submitted it in October 1984; it was reviewed and funded. When I started in Art’s lab on July 1, 1985, I had funding in hand. This was important because having the K08 gave me a clear goal: I had five years to be trained as a scientist, and I was going to give those five years my absolute best. If it worked, wonderful; if it didn’t, I would return to clinical work and be a pediatric neurologist. Having that long runway to give science a real chance was critical.

I joined the lab and asked Dr. Feigin to relieve me from all clinical duties, as I wanted to be entirely at the bench for three years. Only after that would I return to 20 percent clinical work. Ralph was accommodating, and for that I remain deeply grateful.

When I started in the lab, Art paired me with one of his best technicians, Craig Rosenbaum, and I began learning molecular techniques—from Southern blotting to cloning—while continuing to travel to Montgomery, Texas, to meet members of the multigenerational ataxia family. It was humbling to realize that in the research domain I knew less than the graduate students, but I accepted it and used it as motivation to learn as much as I could. In addition to Craig, I benefited tremendously from interacting with Marian Jackson, a fantastic senior postdoc who was a superb scientist and loved to teach. She became my bench mentor and a wonderful friend.

Art ran his lab with a biochemical geneticist named William (Bill) O’Brien. The two collaborated and complemented each other beautifully: Art was the big-vision scientist and extraordinary mentor in experimental design, rigor, and data interpretation, while Bill loved to dig into details and could always find a way to solve a tough cloning experiment. I was fortunate to benefit from them both.

I quickly realized how much I didn’t know, so I signed up for a year of graduate courses to learn the fundamentals of cell biology, molecular biology, and genetics. It was a packed year, but I focused solely on coursework and bench work and gradually began feeling confident at the bench.

After gathering DNA from the Texas SCA family, I performed linkage analysis and confirmed that my family had SCA1, based on linkage to the human leukocyte antigen (HLA) locus on chromosome 6. This launched the search for more markers on chromosome 6p to get closer to the SCA1 locus. As soon as I published my first paper on SCA1 describing the linkage to the short arm of chromosome 6, Art mentioned that a University of Minnesota associate professor, Harry Orr, was working on a different SCA1 family. I made a note of that and read his papers.

Harry and I were both quite far from the gene, and we both needed closer markers to facilitate cloning. The search for markers entailed identifying small DNA fragments and establishing that they were highly polymorphic, then using them in the SCA1 families to find ones closer to the locus. I spent about a year and a half developing such markers, but none brought me closer to the gene. I cannot recall the exact number of Southern blots I performed, but they certainly exceeded 400. I remember many times lingering in the stairway, shedding a few tears because yet again I did not have the marker that would bring me closer to the gene. I called that period “the years of negative data.”

Two years into my postdoc, I read a fascinating paper by the late David Cox, who was then at UCSF. He had developed a strategy using radiation to make somatic cell hybrids containing small chromosomal fragments that could be used to develop polymorphic DNA markers. I was very impressed. I read the protocol and felt that while it was detailed, it wasn’t sufficient for me to implement in the lab. So, I called David, even though I had never met him. I asked if he would share a more detailed protocol, and he was incredibly generous—he began dictating the protocol with all the specifics, down to the speed at which I should add a particular reagent. I was so impressed and grateful; to this day, I will never forget his generosity.

I performed the experiment and successfully developed radiation hybrids for the short arm of chromosome 6 on the first try. These hybrids became a wonderful resource for generating markers that eventually brought us much closer to the SCA1 gene.




Look Out for the Unexpected

By the time I made my hybrids, Harry was making progress. He had mapped the SCA1 gene distal to the HLA locus, while in our lab I had mapped it proximal to the HLA locus. I found it perplexing that both of us were working on SCA1 yet the genes in our respective families mapped on opposite sides of the HLA gene cluster.

I asked Art if he found this troubling. He said absolutely not—the data were very strong, and the recombinants in my SCA1 family clearly placed the gene proximal to HLA. Therefore, there must be two loci for this ataxia on chromosome 6. I accepted this. By then I had met Harry at a meeting and was impressed by both his science and his easygoing personality. I figured that because I had made these radiation hybrids, and we were working on two distinct loci, I should share them with him so he could develop markers closer to his gene.

I called Harry, offered the radiation hybrids, and explained why I believed we were working on two different genes. Harry welcomed the sharing, and I promptly shipped the hybrids to him while continuing to develop new markers myself.

In the back of my mind, however, I remained concerned about the possibility of two different loci on chromosome 6. Today, one wouldn’t think twice about it—there are multiple loci for many ataxias on each chromosome—but ours being the first ataxia gene to be mapped made me think it was unlikely to have two different loci for this disease in such proximity.

Because of this nagging feeling, I decided to revisit the Texas SCA1 family and try to pinpoint why my gene was mapping proximal to HLA. To my surprise, I discovered there was a woman who had died after being bedridden for years. Her mother and maternal aunts all had SCA1, and I had carefully examined her three daughters, all of whom had the disease. Thus, because both her mother and her three daughters were affected, it had been assumed she too had SCA1. She had died before I started working with this family.

I decided to go back to her daughters and ask them more about their mother. They said she had been bedridden, and they believed she had suffered a stroke—she had always been neurologically impaired. Then I asked about their father. He had died at 40 after being hit by a car while crossing the street.

I decided to study the maternal and paternal chromosome 6 in each of the three daughters to determine what was going on. Art thankfully allowed me to hire a technician, Alanna McCall—who is still with me as my precious lab manager—so I asked her to help me make somatic cell hybrids separating the two parental chromosomes 6 in the three sisters. To cut a long story short, I made a stunning discovery: In these three sisters—and only these three sisters—the disease did not come from the broad bloodline of the SCA1 family but from the father who had married into it.

Consider how remarkable this was. This is a very rare disease, occurring in about 1 in 100,000 people. To imagine that in this one family, two people were bringing the disease—one the ancestor of the large multigenerational family, and the other this father whom none of us had ever seen or examined—was almost unimaginable. Once I discovered this, I realized that my gene mapped exactly where Harry’s family’s gene mapped. I tested the hypothesis repeatedly using markers Alanna and I generated from the radiation hybrids, and all the data confirmed that was where the SCA1 gene was located. Moreover, I got a marker that brought us within one megabase of the gene.

I was elated to have resolved the problem. Harry and I were actually working on the same locus—and that was wonderful. I called Harry and told him that I had just discovered we were working on the same gene. After resolving this unusual situation—where the disease in only a tiny branch came from a spouse—my gene in the large family mapped exactly to where his mapped: distal to the HLA locus.

Harry’s immediate response was, “Do you want your radiation hybrids back?”

I said, “No, absolutely not. I’m just excited that we’re working on the same thing, and I want to propose that we collaborate rather than work in parallel.”

There was silence for about 30 seconds. I think Harry was processing all this new information. Then he said, “Let’s do it.”

I was thrilled. I felt that working together, everything would move faster, and I would have someone to call weekly to discuss progress. From that point on, we were within a megabase of the gene, and we just had to get closer and closer to discover it.

Art was equally surprised! By that time, I was at the end of the third year of my postdoc, and I had just received my first R01, so Art encouraged me to move into my own lab along with Alanna and a graduate student, Thomas Kwiatkowski, Jr.

I was nervous and did not feel ready, but I had learned to listen to Art, so I agreed to move as long as I could come back to him for advice and help. He promised he would always be available.




Starting My Lab: Having No Office Paid Off

As I contemplated the move to independence, I needed to be hired as tenure-track faculty at Baylor and needed a space for my lab. It was 1988, shortly after the late and great C. Thomas “Tom” Caskey founded the Institute for Molecular and Human Genetics at Baylor and began hiring superstar faculty from all over the world. Being a pediatric neurologist, my appointment was to be in pediatrics. Drs. Ralph Feigin and Marvin Fishman welcomed me with open arms, with the understanding I would do 20 percent clinical neurology as an attending and dedicate the rest of my time to research. I was thrilled with the offer and accepted.

Dr. Feigin offered me beautiful lab space in a new research building attached to Texas Children’s Hospital. I graciously declined and said I needed to be in the basic science building where all the exciting basic scientists were being hired. Ralph explained that this was genetics space, and he had no control over it. I went back to Art, who encouraged me to speak to Tom Caskey. I sheepishly asked Tom if I could be in one of the labs in the basic science building. I told him I would be happy with three benches but that I wanted to be where all the exciting genetics was happening. Tom struggled, as he needed the space for all the outside recruits. I begged, saying I would take anything, so he offered me three unused benches in the lab of Philippe Soriano, who had just arrived from MIT. He pointed out that Phil had the only office. I would not have one. I accepted immediately—as long as I had a bench with a desk at its end, I was happy.

In hindsight, this turned out to be the best possible decision. Being in that building meant I was experiencing the exciting times of gene mapping, cloning, and sequencing, surrounded by the best of the best. The lab was across from Art’s, so I could run there for advice at any time, and Phil was a brilliant and kind scientist who welcomed me. We became very close friends and remain so to this day.

There was, however, a small catch to this exciting transition. As a physician and an internal candidate who knew nothing about “packages,” coupled with my obsession about being in the basic science building, it never occurred to me to ask for a start-up package. Art had generously allowed me to use all his large equipment, and I had just received an R01, so I thought my job was to write as many grants as possible to buy all the glassware, supplies, polymerase chain reaction (PCR) machine, and other small equipment. I wrote dozens of small grants and stocked the lab. I truly believe that having limited resources helped me think deeply about every experiment and resulted in good productivity.

But the greatest hidden gift from this whole experience, which I only realized years later, was the lack of an office. This meant I was at the bench with my graduate student and lab manager. We worked together, shared data on the spot, laughed together, and consoled each other when the data were negative. It also meant I was able to mentor my student effectively and keep him highly motivated. I was at the bench, a working lab member, for many years. That would not have happened if I were in an office. As a result, we were highly productive, and together with Harry, we were building a physical map of the one-megabase candidate region.




Rett Was Never Forgotten

While in Art’s lab, I kept working on Rett, trying to establish evidence that the disease gene must be on the X chromosome because, at the time, it appeared that the disease occurred only in females. Indeed, I found such evidence studying two rare families, each having two half-sisters with Rett where the fathers were different and the healthy mothers were the common parent in each family. I proposed that these mothers must be healthy because they have an X chromosome inactivation (XCI) pattern favoring the healthy X chromosome but that they had passed their inactivated X with the mutation to the affected daughters. I evaluated the XCI patterns in these putative carrier mothers and in many sporadic Rett cases. I discovered that all girls with classic Rett had random XCI patterns, but one of the two mothers had 100 percent skewing, in which only one of her X chromosomes was active.

To me, this was the first experimental evidence that the X chromosome was implicated in Rett, so I wrote the paper and sent it to genetics journals, where it was universally rejected. After two years of struggle, I published it in Brain and Development, a more clinically oriented journal. I remained convinced, however, that there was strong evidence that the Rett gene was located on the X chromosome and that this is where I should focus. Accordingly, when I started my own lab, I hired a second technician, Carolyn Fill, to work with me on Rett so we could develop polymorphic markers on the X chromosome and identify regions shared by the two sets of affected half-sisters to narrow down the location of the Rett gene. Shortly after, I saw a Rett girl who had a translocation between the X chromosome and chromosome 3, so I was convinced the gene was at the site of the translocation. I persuaded a graduate student, Kim Ellison, to join my lab and focus on mapping and cloning the breakpoint. With two graduate students, two technicians, and me working at the bench, we were having the best time.




The Right Time and the Right Place

As Harry and I developed a good physical map for SCA1, the harder work was finding all the genes within the million bases and sequencing them one by one to nail the culprit. One day in the spring of 1993, I attended our genetics noon seminar, which was being presented by Tom Caskey. He was excited to share that his lab had just discovered that myotonic dystrophy was caused by a cytosine-thymine-guanine (CTG) expansion in a new gene. This came on the heels of his lab, together with David Nelson and the late Steve Warren, discovering that cytosine-guanine-guanine (CGG) expansions caused fragile X syndrome. Tom was excited to share the data and indicated that the children had much bigger repeats than their mothers.

That comment immediately triggered my clinical experience of shaking hands with mothers of infants we had diagnosed with myotonic dystrophy and noticing the mild myotonia in their hands—they were unable to let go of my hand—while their babies had very severe myotonia throughout the body. I had seen this phenomenon of anticipation, in which case the disease is more severe in later generations, in my SCA1 family. It was only when I heard the myotonic dystrophy story, however, that I connected triplet repeat expansion to anticipation, as the repeat gets bigger in subsequent generations.

I ran back to the lab, told my graduate student about it, and called Harry. I shared what I had learned, and we agreed we should stop sequencing and simply search for triplet repeats in our respective families. I designed 10 oligonucleotides that captured all 64 different permutations of triplet repeats and shared them with Harry’s lab. We agreed to split the million bases so we could each focus on half of the candidate region, but to be sure we did not miss anything, we kept 75 kilobases of overlap that we would both search. We got on it promptly, and within days, on April 8, 1993, we were simultaneously faxing each other the mutation—an expanded band detected by Southern blotting in our respective families. It turned out the gene was right in the middle of the region of overlap we had both studied.

Harry and I and our respective team members were beyond thrilled. Laura Ranum, now an amazing scientist who discovered repeat-associated non-AUG (RAN) translation, was Harry’s postdoc at the time. We wrote the paper, and felt it was an exciting story because beyond being the first ataxia gene to be discovered, it was the first time anyone had shown a clear relationship between CAG repeat length and age of disease onset. Moreover, the Huntington’s disease gene had just been published, although it had been independently discovered.

Nonetheless, three top journals—Cell, Nature, and Science—rejected the paper without review. The reasons they gave included: first, “we already published a triplet repeat story, thus there is no conceptual advance”—of course, that journal published additional triplet repeat stories later; second, the journal had previously published a gene for Huntington’s disease that turned out to be incorrect, and was therefore being cautious—they wanted us to sequence the entire nine-kilobase 3’ UTR region to be certain the CAG expansion was the causative mutation, even though we had already sequenced the full coding region; and, third, the paper was not of enough interest to a broad audience.

With these devastating and unfair comments, we turned to a newly established journal, Nature Genetics, whose editor, Kevin Davies, was thrilled to take our paper, where it was widely read and highlighted. Where the paper ended up did not matter—it was the discovery that mattered. This is a lesson I share repeatedly with my lab members.

Harry and I were invited to Capri to speak at an international ataxia meeting. We had such a wonderful time together there, simply overjoyed that our five-year collaboration had resulted in the discovery of the one and only SCA1 gene. We named the protein Ataxin-1 because it was a protein of unknown function and the first ataxia gene to be cloned. Early postdocs made vital contributions to understanding Ataxin-1. Sandro Banfi, my first postdoc, cloned the full-length cDNA and characterized Ataxin-1 expression. Subsequent work established that SCA1 is not caused by loss of function of Ataxin-1, identified key interactors, and revealed that chaperones and ubiquitin are detected in Ataxin-1 nuclear inclusions—with enhancing HSP70 chaperone levels promoting Ataxin-1 clearance and reducing toxicity. These studies were foundational to the mechanistic work I will revisit later in this chapter.




Atonal Charts the Path to HHMI

Although I was thrilled that Harry and I had identified the SCA1 gene, I must admit I was disappointed to get a protein of unknown function when my Drosophila colleagues were working on fascinating proteins, where they could dig deeply into functional assessment and reveal interesting biology. I was still working on Rett, but that research was not yielding any positive results. After years of physically mapping the X;3 translocation, we discovered there was no gene at the translocation site or anywhere close to the breakpoint—a big disappointment. We were, however, successful in excluding about two-thirds of the X chromosome based on discordance between the affected half-sisters, but we were nowhere close to finding the gene.

It was this frustration, combined with the fact that Ataxin-1 was a protein of unknown function, that led me to decide I had to get into a group of scientists doing exciting biology. I turned to my colleague Hugo Bellen and asked him if he knew of a cool fruit fly gene whose homolog I could study in mammals. Back then, such cross-species studies were rare, and very few ventured to find the mammalian homolog of a fruit fly gene unless it was known by other means. Hugo suggested four genes to me, one of which—atonal—had been discovered by Yuh Nung Jan (see volume 8) as being critical for the development of chordotonal organs, the sensory organs for proprioception in fruit flies, as well as for photoreceptors and the Johnston organ, the hearing organ of the fruit fly. It encoded a small basic helix-loop-helix protein. I found that exciting and tractable.

Of course, everyone in the lab was excited about the SCA1 discovery and no one wanted to work on a high-risk basic science project. So, I turned to my reliable lab manager, Alanna, and asked if she would be willing to isolate the mammalian atonal homolog and help me study its function. Alanna was willing and excited. We made degenerate PCR primers and worked on mouse cDNA but to no avail. We tried chicken DNA and that also failed. Finally, we went to mealybug DNA and identified the homolog from the mealybug, then improved our PCR primer design and isolated the chicken and mouse homologs, and eventually the human homolog. We called the mouse atonal homolog Math1—half of our papers use that name—but we later switched to Atoh1 to comply with the gene nomenclature committee.

My colleague, Hugo Bellen, and I wrote a grant proposing to isolate the mammalian atonal homolog and characterize its function, but the NIH said it would never work and did not fund us. Alanna and I designed the vector to generate a Math1 knockout mouse; she did all the cloning, and we successfully made these mice. Just as we started to gather the mouse data, Nissim Ben-Arie joined my lab as a postdoctoral fellow, and he was excited about characterizing the Math1 null mice. The in situ studies revealed that Math1 is expressed in the rhombic lip cells and in a few cells in the dorsal part of the spinal cord. To our surprise, the null mice died perinatally and lacked all cerebellar granule neurons. The cerebellar phenotype was consistent with Math1 expression in the rhombic lip, the progenitors of the cerebellar granule neurons, but the death could not be explained by the cerebellar phenotype alone.

I felt we were missing something, and I asked Nissim to make new Math1 null mice, but this time to replace the coding region with a LacZ reporter whose activity would likely perdure in cells a little longer than the RNA, allowing us to detect other cells that might express Math1. As soon as we published the paper showing that Math1 is essential for the genesis of cerebellar neurons, I wrote a proposal to the Howard Hughes Medical Institute (HHMI) to study Math1 function in vivo and to understand the pathogenesis of SCA1. I was fortunate to be selected as an HHMI investigator in 1996, and that enabled me to pursue these investigations.

Making a LacZ knock-in allele proved to be the best decision, because we got a mouse that revealed a couple of dots of blue in the inner ear, very few dots of blue in the intestine, and skin with blue polka dots. We got deeper into the study of Math1-expressing cells and teamed up with the Bellen lab to see if we could substitute the fly gene with the mouse cDNA. Bassem Hassan did these experiments in Hugo’s lab, and Vincent Wang substituted the mouse gene with the fly cDNA in my lab. These experiments worked and showed that Math1 rescued all the fly phenotypes and atonal rescued all the mouse phenotypes.

Our Math1 studies revealed the gene’s role across multiple systems. In the nervous system, it proved critical for inner-ear hair cell genesis in the cochlea and vestibular organs, for dI interneurons of the spinal cord, for survival of spiral ganglion neurons, and for the development of more than 40 brainstem nuclei derived from the rhombic lip—structures governing proprioception, hearing, vestibular function, balance, interoception, and arousal. Further work refined the specific cluster of neurons critical for neonatal breathing and carbon dioxide (CO2) handling, explaining the perinatal death phenotype of the null mice.

Beyond the nervous system, Math1 proved essential for the entire secretory lineage of the gut—goblet, enteroendocrine, and Paneth cells—and for the genesis of Merkel cells, which mediate light touch. It also drives Sonic hedgehog–induced medulloblastoma, and single-cell sequencing studies revealed the remarkable diversity of Atoh1-dependent pontine neurons and rhombic lip–derived cell types.

Taken together, Math1/Atoh1 emerged as a gene of extraordinary reach, with roles now linked to medulloblastoma, Merkel cell carcinoma, pontine hypoplasia, deafness, and breathing abnormalities—a testament to the power of cross-species discovery. Many generations of Zoghbi lab scientists took part in the Math1/Atoh1 project and went on to launch their own labs, which was deeply satisfying. But what was most satisfying to me and to Hugo is the power of cross-species studies and how conserved the molecules and systems critical for proprioception, hearing, and balance truly are.




In Pursuit of the Rett Gene: Instinct over Data

The success of the SCA1 project and Math1 discovery meant my lab was vibrant and full of exciting projects and motivated students and fellows, but my soul was still not satisfied—my heart was with the girls with Rett syndrome. I was determined to find the causative gene. By then, generations of students had spent a rotation characterizing the exon-intron boundaries of different X-linked genes and then performing Sanger sequencing, only to discover it was not the Rett gene. With exciting projects on SCA1 pathogenesis and Math1 function, no trainee wanted to touch the Rett project. I was fortunate, however, to hire a capable technician, Jill Dahle, who was eager for the challenge.

We collaborated with Uta Francke and Carolyn Schanen to expand the excluded region on the X chromosome by studying a three-generation family they were following and in which the mutant gene was transmitted from a healthy female carrier who had favorable X chromosome inactivation. But even with these families, the candidate region on the X chromosome remained large, spanning more than 30 megabases. I thought we had a lucky break when I found a family with two girls with Rett syndrome who were second-half cousins, related through their maternal lines and sharing a maternal great grandmother. I was certain that if we looked for concordance on the X chromosome of these two girls with Rett syndrome, we could narrow the candidate region, given that they were separated by six meiotic events. To my surprise, there was not a single marker on the X chromosome shared between these two distant cousins with Rett syndrome.

At that point, any logical geneticist looking at these data would conclude that Rett is not on the X chromosome and would stop the futile search. Furthermore, this finding, together with a manuscript that had been published claiming that Rett is not on the X chromosome because identical female twins were discordant, made it impossible to obtain NIH grants to support the gene search, but I refused to give up. The International Rett Syndrome Association, led by Kathy Hunter—a mother of a girl with Rett syndrome and a champion of research—provided me with $30,000 to keep the work going, and I used my HHMI funding to support Jill’s position.

Then I thought we got another lucky break when we found another girl with Rett syndrome with an X;autosome translocation. Here again we came up empty-handed after mapping the breakpoint. I kept asking Jill to sequence more genes on the X chromosome, but she moved to Utah to be with family, and I lost the one person willing to work on a project that generated only negative data.

Luckily, Nissim introduced me in 1996 to Ruthie Amir, who had a medical doctoral degree. She was in Houston because her husband was doing a cardiology fellowship. Ruthie seemed bright and motivated, but she had never touched DNA and had no research experience. She asked me if she could work as a technician in the lab. I thought about it and worried that a technical title would not advance her career and might hinder it. I offered to hire her as a postdoc as long as she agreed to do exactly what I wanted and work on Rett syndrome. Ruthie agreed, and I hired her immediately.

I met with her regularly, and we carefully selected candidate genes from the concordant candidate region. The genes had to be expressed in the brain, and they could not be lethal in female mice. Ruthie systematically identified the exon-intron boundaries of various candidates and sequenced them using DNA from girls with Rett syndrome. We had a few red herrings where we would find a damaging mutation in the girl but then find it in the father. Ruthie’s lab meetings were always rich with negative data, whereas others were presenting stories that were soon to be published in the very top journals.

Although I knew that some in the lab, and almost all outside the lab, looked down on the Rett project, I protected Ruthie from the negative comments to the best of my abilities, encouraged her, and thankfully she was innately strong and unflappable. I stopped speaking to my colleagues at Baylor about my pursuit of the Rett gene, as all knew the data supporting my hypothesis had diminished with the latest experiments showing the lack of shared regions on the X chromosome in the family with affected second half-cousins. So, Ruthie and I worked quietly, but we still had to endure our lab meetings and the internal criticism.

Igna van den Veyver, a physician-scientist who had completed her postdoctoral training in the lab, was interested in a set of imprinted genes she thought might play a role in the placenta, so she asked me for control samples. I gave her 40 samples, 39 of which were from healthy controls, but I threw in a sample from the girl with Rett syndrome with the X;3 translocation. To our surprise, the only sample that had altered methylation in the imprinted and paternally expressed gene 3 (PEG3) was from the girl with Rett syndrome. Igna pointed this out to me, and I immediately ran back to my office to scrutinize the concordant region we were searching to see if there was any gene in the region that had anything to do with methylation. The only one we could find was methyl-CpG-binding protein 2. Although we knew this was a methyl-cytosine-binding protein and not a methylating protein, we decided to pursue it.

There was, however, one paper describing a knockout of Mecp2 in which the chimeras died. Given that chimeric mice are like a mosaic female, we should have dismissed this gene on the basis that it is “lethal in females,” but we decided to pursue it, putting aside that particular piece of data. Ruthie started mapping the exon-intron boundaries, and I went with my family to Lebanon on our annual trip to visit parents and grandparents.

When I returned two weeks later, the phone was ringing when I opened the door. It was Ruthie! She said she had been calling constantly for the last hour because she was certain she had found the Rett gene. I asked her to bring her notebook and the sequencing data. She was there in 15 minutes, and I could see patient after patient with either nonsense or missense mutations, and they were all de novo—not present in either parent. I asked her to go back to the lab and repeat some of the sequencing and also sequence DNA from a few more patients, and that if it held, we would write the paper.

I was so worried someone would hear about the gene and that we could easily get scooped. I was fretting about where to send the paper, discussing this with my family at the dinner table, when my 14-year-old daughter Roula said: “You should go with Nature Genetics and not waste time with those other journals that didn’t care about your previous discovery of the SCA1 gene.” I told her she was right.

It was the last week of August. I called Barbara Cohen, the chief editor of Nature Genetics, and asked her if I were to submit an important genetics paper, could she promise me rapid review to have it in print for the October issue so that it could be distributed at the American Society of Human Genetics meeting. Barbara asked me what the discovery was. I told her that we had found the gene that causes Rett syndrome. She asked us to send it immediately. We wrote the paper in twenty-four hours; the journal reviewed it within two to three days, and it came out on October 1 with a thoughtful editorial by Adrian Bird who in 1992 had discovered MeCP2 as the protein that binds methyl-cytosine. The other referee who joined him in the editorial was Hunt Willard.

It is hard to describe the excitement that Ruthie and I shared, the lab’s experience, and then the wider reception at Baylor. Many of my scientist colleagues who had doubted this was possible were shocked and in disbelief. My first mentor and chair, my American father, Ralph Feigin, was jumping up and down with excitement because he had truly believed that one day I would clone that gene. On the spot, he called Dr. Duane Alexander, who was at the time the director of NICHD, and shared the news. Ralph organized a press conference in the largest auditorium at Baylor, and Ashley, my inspiration, was there with her parents. Other special attendees included Kathy Hunter and many mothers of children with Rett syndrome, as well as my clinical colleagues Drs. Alan Percy, Daniel Glaze, and Kay Motil, who had tirelessly taken care of girls with Rett syndrome and thought of ways to make their lives better.

The reason the discovery resonated with so many was that this is a sporadic disorder yet clearly genetic in origin. I recall that during the years working on Rett, people would tell me to stop wasting my time on such a rare disease and that I should work on a more common disorder like autism. I refused because I was intrigued by Rett, and the girls had captured my heart. While the availability of some collections of autism families was tempting for genetic approaches, it was the Rett phenotype that kept me going.

Finding the Rett gene solved many of the puzzles we had encountered searching for it. The mother of the two half-sisters who had non-random X chromosome inactivation did have a mutation in MeCP2, whereas the one with random X chromosome inactivation did not have a mutation but must have had germline mosaicism to have two girls with Rett syndrome. The second-half cousins who did not share any portion of the X chromosome did have Rett, but each had a de novo mutation—what are the odds of this happening in the same family for a disease with a prevalence of 1 in 10,000? The girl with Rett syndrome with the X;autosome translocation did have a mutation in MECP2, but it was on the intact X chromosome. Finally, the death of mice chimeric for Mecp2 mutations, we realized, was probably secondary to that specific construct, as many more Mecp2 mutant female mice survived a null allele.

It is hard to understand why I stuck with Rett syndrome all those years in spite of the many negative results and some data that argued against the X chromosome link. When I reflect on the why, it came down to two overarching drivers.

The first was my gut feeling and emotion, motivated by the clinical course of the girls. I pursued the Rett gene because I found it heart-wrenching to see girl after girl robbed of the skills they had learned, becoming neurologically compromised in every domain. But what convinced me a gene must underlie this disorder was the clinical course itself. During my clinical assessment of the girls and when collecting blood for DNA studies, I focused on girls with classic Rett syndrome, who share a very similar clinical course. I had an intense feeling that only a gene could drive such a reproducible clinical trajectory.

The second big driver was naivety. Although a strong instinct based on clinical course is a good reason to suspect a gene is responsible, finding that gene when more than 99 percent of the cases are sporadic, and before the human genome was mapped and sequenced, was a huge challenge. I think being young, naive, passionate, and fearless really helped. When you don’t know any better, you follow your passion and take risks that scientists who know better would not waste their time and resources on, especially when the data are sparse and the tools are not there. This is why I encourage my trainees to take risks when they are young, as long as they have a project or two that are based on strong data and are tractable.




Animal Models, Tropical Storm Allison, and the Little Mouse that Could

Discovering the mutations in MECP2 that cause Rett syndrome proved to be the easy part, because the real challenge was to figure out how loss of MeCP2 function in half of the cells causes dysfunction in the whole nervous system and, more important, what to do about it to help the girls. After discovering the gene, many graduate students and postdocs wanted to join the lab, and its size doubled. I had to give up my bench because I realized that between attending to all the trainees and traveling to meetings, the odds of spending several hours at the bench had become slim. While it was hard to make that decision, the joy of having a vibrant lab and people willing to work on Rett more than made up for it.

The labs of Adrian Bird and Rudolf Jaenisch separately generated a conditional Mecp2 null allele, and the mice reproduced features of Rett syndrome. In our lab, Mona Shahbazian generated a mouse model with a C-terminal deletion that reproduced all the features of Rett, including, surprisingly, forepaw rubbing reminiscent of hand-wringing. Mona also characterized the protein and its abundance during development, revealing that the protein became detectable in neurons as they became fully mature and that its level increased with maturity, both in mice and humans.

Then Ann Collins, a graduate student in the lab, became interested in testing whether gene therapy would work in Rett. She decided to use as a positive control a 90-kilobase bacterial artificial chromosome clone that contains the whole locus, including its regulatory elements. She successfully generated many lines of mice and began characterizing them. One Friday afternoon after our journal club, she decided to organize her mouse colony by putting all her cages on the lower half of the racks for easier access. The next day, we woke up to the news that Tropical Storm Allison had caused flooding across the entire Texas Medical Center and that thousands of experimental animals in the Baylor animal facility had drowned. Ann was in despair because all the mice in the lower halves of the racks had been killed by the flooding. She thought her graduate work had been washed away overnight.

We were all distraught, but I decided to go to the facility and inspect the situation. We put on wading suits and went down to the mouse room with a flashlight. The stench was nauseating. But after an hour of searching, we found one cage that had been on a high shelf containing one mouse still alive. He was the sole survivor of the colony. We took that mouse, nurtured him back to health, bred him, and then studied his offspring. To our surprise, the animals with an extra copy of MECP2 developed a progressive neurological disorder, including seizures, and died prematurely. Ann generated and characterized additional transgenic lines so that we could be sure this was not secondary to the transgene insertion site.

This experience taught me and our lab one of the best lessons: Never give up even when disaster strikes—always search for the opportunity. Ann published her description of the MECP2 duplication phenotypes in 2004, and a year later, Hilda Van Esch from KU Leuven reported that duplications spanning MECP2 cause a similar neurological disorder in male children that is lethal by the third decade. I met Brody, my first patient with the duplication, when he was about 10 years old, and I was sad to see him lose the ability to communicate, develop motor weakness, and suffer terrible seizures. From that point on, I decided to work on both Rett and the MECP2 duplication disorder (MDS).




The Complexity of Rett and MDS Pathogenesis

With faithful mouse models in hand, the central mechanistic question came into focus: Which neurons, circuits, and molecular pathways are responsible for the devastating phenotype of MeCP2 loss and gain? The first finding from synaptic studies was that MeCP2 loss decreases excitatory postsynaptic current and synaptic plasticity, while gain produces the mirror effect—a symmetry that proved characteristic at every subsequent level of analysis. Systematic conditional knockouts across GABAergic, glutamatergic, aminergic, and other neuronal subtypes revealed a consistent pattern: MeCP2 is required broadly, its loss reduces neuronal function by approximately 30 percent in each cell type examined, and such a modest reduction is sufficient to produce devastating phenotypes.

Rescue experiments in GABAergic or glutamatergic neurons showed benefits that differed depending on cell type and genotype, but sustained rescue ultimately requires restoration across all neurons. These experiments made clear that any durable therapy would need to act broadly.

Critically, adult knockout of Mecp2 fully reproduced the features of the constitutive knockout, confirming that MeCP2 is continuously required for mature brain function—not merely for development. A landmark paper from Adrian Bird’s lab demonstrated that restoring MeCP2 expression in adult mice reversed neurological deficits, establishing that the Rett brain retains the capacity for rescue. These two findings together—continuous requirement, retained plasticity—became the conceptual foundation for our therapeutic efforts.

At the transcriptional level, comparative analysis of gain and loss mouse models revealed a paradox: Thousands of genes were inversely regulated, but the majority were downregulated in the null—unexpected for loss of a protein known primarily as a repressor. Independently reproduced and pursued across multiple subsequent studies, this finding argued that MeCP2 dysfunction affects gene expression bidirectionally depending on genomic context, and that any complete model of pathogenesis would have to account for both directions.

Studies of MeCP2 interactors and of the temporal sequence of molecular events after acute adult knockout revealed something with immediate therapeutic relevance: The bidirectional gene expression changes and accompanying chromatin alterations emerge very early—even when MeCP2 is reduced by only 30 percent—and precede any detectable neurophysiological or behavioral change by weeks. This temporal hierarchy implies a window during which molecular correction might prevent downstream circuit dysfunction, sharpening the case for early intervention.

Beyond molecular studies, circuit-level studies led by Hui Lu and Lingjie He revealed that both loss and gain of MeCP2 increase hippocampal synchrony driven in part by failure of specific interneuron populations to be recruited by pyramidal neurons. In vivo imaging during memory tasks showed that CA1 neurons in Rett mice formed larger, less discriminating ensembles, directly linking the molecular disorder to the cognitive phenotype.

Two results from circuit intervention studies shaped our thinking about therapy. Deep brain stimulation of the fornix, in collaboration with Jianrong Tang at Baylor, corrected circuit deficits and normalized hippocampal memory in Rett mice—confirming that the Rett brain retains functional plasticity. And repetitive behavioral training, a far milder intervention, significantly improved both motor coordination and cognitive performance, with substantially greater benefit when training began before symptom onset.

Across all of these studies, a coherent picture emerged: Rett is a disorder of the entire nervous system, with no single cell type, molecule, or circuit as the sole driver. This complexity clarified both the mechanism—dosage matters everywhere—and the therapeutic imperative: intervene broadly and intervene early.




MeCP2: The Quintessential Goldilocks Protein

Throughout my career, MeCP2 has been the one protein that taught me the most about how small changes can have big effects. Although the first clues came from finding that doubling the protein caused a severe progressive neurological disorder, as we studied various human and mouse alleles, we recognized that a 50 percent reduction of the protein in all cells caused Rett-like phenotypes in mice. The surprise, however, came when Yingyao Shao characterized the Mecp2 enhancers and discovered that either a 20–30 percent decrease or a 50 percent increase in MeCP2 levels caused autism-like phenotypes in mice.

Rare human variants in MECP2 enhancers and the promoter, identified in people with autism, produce analogous 20–30 percent changes in protein level. These data suggest that such small changes in MeCP2 levels are sufficient to cause autism phenotypes. I don’t think this is the end of the story, as I predict that a 10–15 percent change might cause a later-onset psychiatric phenotype.

What is important is that what we have observed with MeCP2 is probably not unique to this one protein. A fifty percent increase in SHANK3 produced mania-like phenotypes in mice, while a mild reduction caused isolated autism. For Pumilio1, a 50 percent reduction caused childhood autism and ataxia, while a 25 percent reduction produced only late-onset ataxia—the same protein, at different levels, generating distinct clinical syndromes.

In more recent years, we discovered that the brain is extremely sensitive to levels of the transcriptional repressor Capicua (CIC), an interactor of Ataxin-1. We found that a 50 percent reduction in CIC leads to childhood autism and intellectual disability in humans, whereas in a collaboration with Jaehong Suh and Rudolph Tanzi at Massachusetts General Hospital, we found that a milder reduction in CIC increases risk for Alzheimer’s disease by increasing BACE1 and amyloid beta production.

After so many lessons about protein levels and nuanced phenotypes, we revisited Math1/Atoh1 and found that Atoh1 heterozygosity causes late-onset inner ear hair cell degeneration in mice, with human genetic studies confirming that both loss and gain of ATOH1 function cause deafness and neurodevelopmental disease—the bidirectional dosage sensitivity again.

Every protein we studied—MeCP2, SHANK3, CIC, PUM1, ATOH1, and in the next section Ataxin-1—turned out to be dosage-sensitive and associated with disease or disease susceptibility. This is worth noting as we search for missing heritability in many neuropsychiatric disorders. Considering hypomorphic alleles and mutations in regulatory regions that might cause subtle effects could, either individually or in combination, help explain various disorders.




Studies in Neurodegeneration: The Rare Informs the Common

When I started my lab working on SCA1, which affects about 1 in 100,000 people, and Rett, which affects 1 in 10,000, no one really took notice or thought the work had any relevance to more common disorders. I was happy working on these rare diseases because I felt they were tractable.

Importantly, when Kei Watase made a knock-in mouse model for SCA1 by putting a long CAG repeat into the endogenous mouse locus, the mice reproduced all features of human SCA1, which meant the Zoghbi lab could now probe many questions about pathogenesis, including where the disease starts, what cells are affected, and why certain cells are vulnerable while others are spared.

Mechanistic studies from our SCA1 collaboration established that Ataxin-1 toxicity depends on phosphorylation at Serine 776, which enables binding to 14-3-3 and stabilizes the expanded protein. Crucially, reducing 14-3-3 by 50 percent lowered mutant Ataxin-1 by only 20 percent—and that modest reduction was sufficient to rescue Purkinje cells and reverse ataxia. Ataxin-1 joined the growing list of dosage-sensitive proteins, and the observation raised an immediate therapeutic question: Could we find other regulators of Ataxin-1 stability and generalize this strategy to proteins driving common disease?

More important, this finding inspired a whole new research direction: genome-wide genetic screens to systematically identify regulators of Ataxin-1 level, run in parallel in human cells and in Drosophila overexpressing polyglutamine-expanded Ataxin-1—a cross-species design maximizing the probability of finding genuine, conserved regulators.

It took me a while to find a postdoc willing to do the screen, but Jeehye Park, a daring and talented postdoc, decided to take it on and spent almost 15 months optimizing the screen to perfection with all the proper controls. She teamed up with Ismael Al-Ramahi in the lab of Juan Botas at Baylor who did the screens in fruit flies. The screens identified numerous regulators of Ataxin-1 stability, including the kinases responsible for the critical Serine 776 phosphorylation, providing both mechanistic insight and a set of candidate therapeutic targets.

A parallel effort by Carmen Lam identified Capicua (CIC) as a native interactor of Ataxin-1. Structural studies by our collaborator Ji-Joon Song at KAIST resolved the precise amino acids mediating the interaction—providing a map for disrupting the interaction. Disrupting the Ataxin-1/CIC interaction—without reducing Ataxin-1 itself—was sufficient to fully rescue Purkinje cells, even in mice expressing ample mutant protein in those cells. Interestingly, when this disruption was done in the context of the SCA1 knock-in mice, again the Purkinje cell degeneration and ataxia were rescued but none of the other phenotypes.

From this we learned that the Ataxin-1/CIC interaction drives Purkinje cell degeneration, but it was also humbling to learn that the mutant Ataxin-1, although widely expressed along with its partner CIC, drives degeneration and other SCA1 phenotypes by different mechanisms in different brain regions. This was totally unexpected, and I am certain it is not unique to Ataxin-1 and SCA1.

Having learned these lessons about the importance of protein levels and neurodegeneration from SCA1 and other proteins involved in rare disorders, I turned my attention to two proteins whose levels matter. The first was Tau, which has been implicated in more than two dozen dementias, including Alzheimer’s disease. The protective effects of lowering Tau levels in Alzheimer’s disease models were first shown by the Mucke lab, and the evidence for a relationship between Tau levels and neurodegeneration was growing from studies in models and humans. The other was alpha-synuclein, in which duplications and triplications of the gene cause Parkinson’s disease, and accumulation of the protein characterizes the majority of cases.

Recognizing the value of understanding the regulation of these two proteins and seeing the power of genome-wide genetic screens, we applied the same cross-species screening strategy—human cells and Drosophila in parallel—to find regulators of Tau and alpha-synuclein levels. When NIH reviewers called the project a fishing expedition, philanthropic support from local foundations and the Freedom Together Foundation sustained the effort.

The Tau effort was largely driven by Ji-Yoen Kim, with contributions from many others in the lab. Maxime Rousseaux and Gabrielle Vasquez-Velez drove the screens for alpha-synuclein. Again, all this was in collaboration with the Botas lab. The screens proved to be a gold mine. For both Tau and alpha-synuclein, they revealed numerous conserved in vivo regulators, taught us much about the biology of each protein, and yielded candidate targets with clear mechanisms of action. New tools, including AlphaFold, are now enabling us to develop small molecule inhibitors against the most robustly validated of these targets.




The Path to Therapies

The path from a gene discovery to a therapy is quite complex and challenging. For Rett, there are many paths that can help the girls. Repetitive behavioral training can certainly improve functionality, especially if started early, before two to three years of age. Deep brain stimulation can be used, but so far it has been limited to treating the dystonia in Rett. Gene therapy trials are ongoing, and early data show subjective improvements in some domains, but the main limitation is the fact that current vectors access only 10–15 percent of brain cells. Efforts to improve delivery are ongoing in many labs.

Other approaches are being pursued, including one in our lab aimed at upregulating MeCP2 levels to overcome the reduction in its function or level. More than half of the patients with Rett syndrome carry mutations that preserve the protein but either decrease its DNA-binding or its abundance. Switching the less efficiently translated MECP2 splice isoform (E2) to the more efficiently translated one (E1) can safely increase protein level—a strategy druggable by antisense oligonucleotides that block E2 exon inclusion.

For MECP2 duplication syndrome, the proof-of-concept study by Yehezkel (Hezi) Sztainberg and Yingyao Shao in the lab showed that the disease is reversible in adult mice, which is quite exciting and has given hope to all those affected. Importantly, we were able to show that the antisense oligonucleotides can be titrated to ensure that the reduction of MeCP2 is safe and within the healthy range—a precision made possible only because years of dosage studies had established exactly how narrow the therapeutic window is. These findings have led to ongoing clinical trials.

For SCA1, efforts using either an antisense oligonucleotide or micro/siRNA-based strategy to gently decrease Ataxin-1 are being considered. For Alzheimer’s and Parkinson’s disease, my dream is to find a small molecule that gently lowers Tau and alpha-synuclein levels. This is now being intensely pursued in our lab, and if successful, we can see a path to developing a drug that will not only treat those with early cognitive impairment but could potentially be taken by people at risk—those with a relevant family history or genotype—while they are still healthy, preventing the disease before it begins. Throughout all of this—from Rett to SCA1 to Alzheimer’s disease—the same strategic logic has prevailed: understand the gene, build the model, dissect the mechanism, map the dosage constraint, identify the regulator, and then target it.




A Challenge and an Opportunity: The Duncan NRI

I was very happy to be in the lab 75 to 80 percent of the time and do some clinical work at Texas Children’s Hospital. I was asked frequently to consider chair positions around the country, and I declined these kind invitations without ever visiting, as I truly loved my job and being in the lab. But one day in 2006, my chair, Ralph Feigin, called me to his office to meet a couple, Anthony “Tony” and Cynthia Petrello, who had some questions for me. Tony was and still is a trustee of Texas Children’s, and he had noticed the dearth of research into the mechanisms and treatments of childhood neurological disorders. He had traveled the country and found many centers dedicated to Alzheimer’s, Parkinson’s, and other neurological diseases, even centers dedicated to cognition, learning, and memory, but nothing comprehensive for childhood neurological disorders. So he asked Ralph what could be done about that, and Ralph called me in to join the meeting.

It was the first time I met Tony and Cynthia. When I sat down, Tony asked me: “So, you have been studying Rett syndrome and making some progress, but how about all the other unsolved neurological diseases? What can be done? How can you do for these diseases what is being done with Rett syndrome?” I quietly thought about how my disease-oriented research had advanced. It was clear that the interdisciplinary approach was what had helped us answer the tough questions. My lab had evolved from one focused on genetics and molecular biology to one that uses mice and flies, does biochemistry, development, neurophysiology, and computational biology. The only reason my lab had successfully evolved was because of the rich collaborations and new areas of expertise brought to the lab through those collaborations.

After a minute of reflection, I told Tony that if he was serious about doing something transformative for childhood neurological disorders, we needed to build an interdisciplinary basic science institute dedicated to understanding the causes and mechanisms driving these disorders. I explained that disease is not limited by any discipline and that to understand it, you need experts in genetics, development, biochemistry, engineering, neuroscience, pharmacology, and computation. He was intrigued. I then discussed the need for core facilities, because no single investigator can have all the skills needed to study a disease. Last, I said the institute should have a culture of collaboration and sharing. He then asked what it would take, and I said hiring great people and having a building to house them. He asked about the cost. Here again, I had to extrapolate based on my experience running a lab and knowing what it takes to recruit stellar candidates. I gave him a number for recruiting and equipping over ten years, and his response was: “Let us do it.” He contributed the first gift.

Within a year, we raised the money to start the building. During the groundbreaking celebration, there were many speeches and so much hope. The event was attended by many of the academic leaders in the Texas Medical Center, including the mayor of Houston. It was truly a special day, but I must say that deep inside I was scared. How do we know this is going to work? What if I can’t recruit great people? What if the model doesn’t work?

Over the next three years, I worked with architects and construction teams to ensure that our building was environmentally responsible (we received the top LEED certification), that scientists would receive natural light wherever they stand, and that the building design was beautiful and conducive to running into each other and collaborating. It was thirteen floors, but I decided we should finish a few floors at a time so that newly hired investigators would have a say in the design of their labs. The building was completed in December 2010 and populated with the first few labs in January 2011.

We were about seven faculty: Hugo Bellen, John Swann, and Anne Anderson, who already had Baylor space but were scattered in different buildings, and then the new recruits—Ben Arenkiel, Mirjana Maletic-Savatic, and Zhandong Liu, a computational biologist. I had initially asked for a budget to hire 4 professors, 5 associate professors, and 10 assistant professors. But after a few interviews, I decided all I wanted were recent graduates whom we could hire as assistant professors. It was exciting to meet and recruit young people, as they truly energized me and were so excited to be part of a new institute.

To lead the institute, I gave up my clinical work, substituting administration for clinical duties. But I had no regrets, as my time at the Jan and Dan Duncan Neurological Research Institute (NRI) has enabled me to help far more patients than I could with the time I would have had available in the clinic. Today the Duncan NRI has 43 faculty, and all but one and a half floors of its 13 floors are built out. It has 10 different departments represented and multiple core facilities. Seven of our faculty work on Drosophila, while others use mouse, human, chicken, and rat models.

Importantly, we are delivering on our mission, and thanks to the collaborative spirit and cross-species approaches, we have identified the molecular basis of 70 diseases that were deemed unsolvable based on DNA sequencing and other studies. Our platforms in artificial intelligence (AI) to prioritize variants that can be pathogenic, and the use of Drosophila to study the functional consequences of candidate variants, helped us solve these unsolved disorders.

Beyond identifying the genetic causes of various diseases, over six clinical trials have been born out of the basic research and proof-of-concept studies at the Duncan NRI. These clinical trials take place at Texas Children’s and other sites throughout the country. To date, our 43 faculty represent many domains relevant to disease research, from genetic bases of disease to neurobiology, network studies, deep brain stimulation, and drug development from nucleic acids to small molecules. One of the young graduates I hired as an assistant professor, Dr. Joshua Shulman, is now a professor and codirector of the Duncan NRI.

One thing I am particularly proud of is that one-third of the Duncan NRI faculty are physician-scientists. Importantly, they are all successful, with vibrant labs, and spend 75–90 percent of their time on research. This is very unusual, but to me it is essential, because having both scientists and physician-scientists interact and collaborate is critical for advancing disease-oriented research and for translation. It is so much fun for me to catch the physician explaining to the Drosophila scientist about the phenotype of their patient so that the flies can be engineered to express the mutation in relevant tissue, or at least for the scientist to gain insight into what phenotypes to look for. The reason our Duncan NRI physician-scientists are successful is because of the protected research time and because they have the resources they need to do the work they are passionate about.




Balancing It All

My mentees and colleagues shared that there would be interest in understanding how I navigated my career at different stages, especially when I had small children and when I added the Duncan NRI responsibilities while still dedicating 70 percent of my effort to the lab.

A few elements helped me navigate my career smoothly. First and foremost is having a supportive husband. William Zoghbi is an academic cardiologist who is highly accomplished. He became a leader in echocardiography and cardiac imaging and served as president of the American Society of Echocardiography and subsequently president of the American College of Cardiology. For the past 10 years, he has been the chair of the Department of Cardiology in the Houston Methodist DeBakey Heart and Vascular Center. He, too, has a very busy academic career—but together we managed.

From the start, we both understood that if we brought children into this world, we must attend to them in every dimension so that their well-being was a priority. We organized our workdays so that at least one of us was home by 5:30 p.m. to spend quality time with them, eat dinner together, bathe them, and read to them every night. In general, we always ate dinner together, which meant our children had wonderful table conversations, which we used to infuse values and knowledge.

But we all know that a postdoc can’t accomplish as much working nine to five, so my schedule was 7:30 a.m. to 5:15 p.m., and there were many times I had to go back to the lab for two to three hours after putting the children to bed at 7:30 p.m. William was very understanding, which helped a lot. We had a nanny during the day, and she became part of our family. Having a nanny was crucial as it allowed me to dedicate the proper time to my work while knowing my children were safe and happy. It is true that most of my postdoc salary went to our nanny, but I thought of it as an investment in my career.

Another major source of support was friends who came to our aid, given that our parents were living across the ocean in Lebanon. Having friends who were willing to stand in for grandparents’ day or drop in when one of us needed help was instrumental—a gift we can only pay forward.

Perhaps key to my ability to get things done from the early days was exquisite planning. I planned every day, every meal, and every activity. Sunday night I planned the week’s experiments. The next day at work, I went straight to the bench and filled every hour of the day. William and I divided our Saturdays—one worked in the morning and one in the afternoon, so there was always someone playing with the kids. Saturday nights we would go out after putting them to bed—opera, dinner, and more. We made time for adult conversation. I believe such conversations and outings are important, as they help solve any emerging problems, strengthen the relationship, and bring different rewards.

Sunday was my cooking day, and part of my efficiency was to cook five times the normal portions, eat one meal on Sunday, and freeze four for future meals. I learned this from making reagents in the lab: We make 20× SSC and use it for a long time; so, if cooking, you can maximize in the same way. We bought a −20 degree freezer that was filled with a variety of home-cooked meals. We only made salads during weeknights to complement whatever I was pulling from the freezer. I did not go to the grocery store on the weekend; too crowded and slow. I went on Tuesday nights after tucking the kids in bed. The produce was fresh, and I was in and out in 30 minutes. Having a computerized list of everything I had ever bought helped, as I circled what I needed and planned the meals before leaving the house.

The kids’ activities were planned, and we did not miss a game or a recital, but we did not attend practices—this is where our nanny helped tremendously. When a child got sick, I dropped everything, took them to the doctor, and stayed with them as needed. By living by these rules, our kids felt our presence and care. The funny thing is that a few parents thought I was a “soccer mom” and had no clue I was a scientist.

As the kids got older and were in school most of the day, our lives got busier, so we kept the nanny and had her help with groceries, chores, and prepping for cooking. I had no time for exercise, so I vowed to only use the stairs going to my office and everywhere else. This meant I took the stairs, 1st to the 6th floor, then the 8th, and when we moved to the Duncan NRI, the 13th. If you do this multiple times a day, it is incredible exercise. Slowly, my lab members started joining me on the stairs, and we had some of the most exciting conversations climbing stairs together.

In sum, a great partner, good planning, attention to the kids’ well-being, and ways to enhance efficiency helped us manage that phase of our lives well and allowed us to have fun raising our family. Thankfully, the kids turned out fabulously and are both accomplished, with equally accomplished spouses.

They both went away for college and additional training but came back. Roula worked in health care for years and is now the managing director of programs at the Sarofim Foundation. She married Tyler Smith, a lawyer, and they have two children, Camila and Tate. Anthony became a physician-scientist in psychiatry and genetics, and after training and having a faculty post at Columbia University, he is now faculty at Baylor. He is married to Zena, who is a brilliant dermatologist, and they have Sienna and Ellie.

When the kids were young, I always fretted that I was a bad mother because I was not always at the school helping and was not home when the kids came from school. I felt guilty and had no female role models to tell me they would be okay. I worried unnecessarily, because by the time they became adolescents, I realized they still liked us and were happy to be around us. We were not too much in their faces, so they were not tired of us. They both tell me that what they appreciated most about our parenting style is that we loved them but set boundaries. They feel that such a combination gave them the needed security but made them think twice before breaking any rule.

When they were growing up, since Sunday was my big cooking day, I used the opportunity to try new recipes, and it became my gourmet cooking day. Now Sunday dinners include the whole family and the grandkids. It is a beautiful tradition and my favorite activity on Sunday.

As for balancing the lab with other activities—from service to the NIH, advisory panels, or the NRI—it is the same: planning, planning, and more planning. On the plane, I plan every minute. I have printed materials to review when we can’t use a computer, and then when cruising, I catch up on all activities, from manuscript editing to grant writing or reviews. When I travel for business, I use every minute to catch up on work so that when I return home, I am caught up and able to enjoy William and my lab. While I am away, I make myself available to lab members by cell, email, and video so that no one is delayed because I am traveling.

As for the Duncan NRI, I traded clinical work for running the institute. Because the faculty all belong to various departments, the human resources issues, graduate education, and other administrative matters are dealt with through their Baylor departments. My job is to make sure the faculty have the resources they need to succeed. So I spend time on lunches, dinners, and fundraising. Once you have the funds to enable recruitment and research, everyone is happy, and everything falls into place. I have great people by my side who help me tremendously with building needs and administrative issues. I focus on setting the vision with my faculty and securing the funds to implement it. I think of myself as the cheerleader and sounding board for all. I am also lucky to have a codirector who helps—first John Swann, and now Joshua Shulman.

Perhaps the one thing I do differently from most leaders is that I run the institute the way I run my lab: by partnering with the faculty and letting them play a role in contributing to decisions and directions. They help with searches, they engage in brainstorming sessions about our five-year plans, they define opportunities, and they come up with solutions when we are faced with a challenge. After all, it is their institute, and they are all bright, passionate, generous, collaborative, and caring. All I have to do is listen and learn, tweak occasionally, but most important, make their wishes for the science and their careers possible through support. Because of all this, the demands on my time are compatible with running a busy lab. I am also one of them—I must work hard, I must write good grants, and I must deal with paper rejections and revisions. I share all of this with them openly, so it makes it easy for us to stay connected and help each other. It is a very different kind of leadership, one that capitalizes on the intellectual power in the building, where everyone’s voice is heard.




Reflections

If I were to choose one word to sum up all that shaped my career, it would be “relationships” that I am forever grateful for.

First and foremost, thanks to my mom, who forced me to go into medicine, as I cannot imagine a more rewarding career. I thank my dad for our huge library, as it taught me the joy of reading at a very young age. Then come my relationships with my mentors. I am grateful to Ralph Feigin, who took a chance on me when all others passed. His mentorship and support shaped my career and taught me the power of scholarship combined with kindness. Marv Fishman who steered me away from cardiology and opened my eyes to the world of neurology. Through that world, I made some of the most meaningful and inspiring relationships—the ones with my patients and their families. The patients inspired me to pursue a career in research, and they helped me stay focused when the experiments were challenging. Their patience, sweetness, trust, and resilience continue to inspire me every day.

I am very happy that I was a late bloomer in figuring out that I wanted to do research. The medical experience and my neurology training helped me identify a research problem I am passionate about, and years later came in handy when I connected the anticipation I had observed in patients with dynamic mutations.

I am forever grateful to Art Beaudet, who took me into his lab when I had no research experience and no graduate classes under my belt. Talk about taking a risk! Once I started my lab, my relationships with lab members became the focus of my academic life. The relationships I have forged and enjoyed with all my mentees are rewarding beyond what words can express. They have made me a better scientist and taught me so much. I wish I could speak about each and every one of them in this biography, but it is not possible given the space limitations. I do hope the reader will log on to the Zoghbi Lab website (www.bcm.edu/research/faculty-labs/huda-zoghbi-lab) and learn about all the Zoghbians, as they affectionately call themselves. I am so fortunate to stay in touch with them, visit when I am in their neighborhoods, and share the joy of their successes and new milestones.

Perhaps the one relationship that stands out most in my career is my collaboration with Harry Orr. What started in 1988 is still going strong, and it is one of the most rewarding experiences 38 years later. People ask me what made our collaboration work, and I would say: full transparency and generosity. We openly shared ideas and never held back any information, even about the smallest of experiments. By doing so, there was never a surprise of someone doing an experiment while the other was unaware. We were very happy to hand over our discoveries for the other team to take to the next level. This back-and-forth bouncing of ideas, experiments, and projects was fun and ensured rigor and reproducibility.

Outside of the lab, there were the experiences not visible to the outside world—the moments Harry and I supported each other on matters not related to SCA1 and helped each other overcome challenges. That our families knew each other, that Harry met my parents and I met his mother, and that this bond now spans four generations is very special. We are a perfect collaborative duo: Harry is the calm Midwesterner, and I am the speak-with-her-hands Mediterranean. Combined, we move at a perfect speed.

In addition to Harry, I am so fortunate to have collaborated with two of the best Drosophila colleagues in the world: Hugo Bellen on Atonal and Juan Botas on neurodegeneration. Working with both taught me so much biology and illustrated the power of Drosophila genetics. Their generosity and friendship not only gave me personal joy but also enriched the academic environment in my lab.

As I discuss the positive effects of my relationships with lab members, I thought I would take a moment to reflect on all the variables that contributed to our lab being a very special place—one where the graduates remain connected and friends with each other, in addition to the mentor. My experience creating an optimal lab culture clearly improved over the years, but I also think some circumstances helped. When I started, my lab had mostly graduate students, probably because no fellows wanted to join a new principal investigator’s (PI’s) lab. In hindsight, I am so happy I started this way, because I had nothing to offer graduating fellows to take to their own labs. Once we started to make some discoveries, it was a much better environment for fellows, as they could take something they worked on to their own lab. I always say: Start with graduate students, and then recruit fellows as you start making discoveries.

One aspect of our lab culture that I am most proud of is the culture of kindness and generosity. Throughout the years, lab members have helped each other, shared ideas, and critiqued each other’s science in the most constructive way. It took a while to achieve this—specifically, my improved ability to detect the “dominant negatives” and keep them out of the lab, no matter how talented they may be. In addition to the great lab culture, I value our relationships and the fact that I could always count on my trainees to give me criticism on my grants, tackle HHMI proposals, and more. It is that exchange—my ability to learn from them and not just mentor—that I believe has elevated the quality of the science and enriched lab culture. Paying attention to how lab members feel and keeping my door open was also critical. I remember vividly when Carmen Lam identified CIC. After four years of work, she came to my office and told me she was not sure she could stay in science because she did not feel her work was important. I sat with her and explained why the work was exciting and that should she publish it; its potential would be realized over time. She ended up publishing it in a top journal, but indeed it is now, 20 years later, that we have revealed the importance of the Ataxin-1/CIC complex in so many diseases.

Therefore, when I agreed to start a new institute and lead it, I did not have to change any habits. I focused on hiring brilliant and generous faculty and made sure the culture was one of sharing, interacting, caring, and focus on doing research of impact. Most important, I engaged the young faculty and some senior trainees in the design of our institute and listened to them on issues they felt were critical to enhancing research and productivity. The faculty contribute at every level, from selecting the next hire to setting our vision and investing in new ideas and equipment. This is somewhat different from the traditional way of running an institute like ours, where the advisers are the more senior faculty. I think having our junior faculty at the table and with a voice, makes a big difference.

The relationships with my patients, especially those with Rett syndrome, MECP2 duplication, and SCA1, have been a big motivator when experiments fail and when I feel we are hitting a dead end. They kept us going; their trust and resilience inspired us; and their support and the support of their families enabled us. I am grateful to all the support we have received from the Rett syndrome foundations—the International Rett Syndrome Association, the International Rett Syndrome Foundation, and the Rett Syndrome Research Trust—and the National Ataxia Foundation, as their support made a big impact throughout the years. Many of the SCA1 family members and parents and grandparents of patients with Rett syndrome and MDS have become dear friends. I will cherish their friendship and forever honor the memory of those who have passed by helping all who are touched by these diseases.

Finally, my deepest gratitude goes to William, my husband, whose unconditional support helped me navigate a busy career while raising Roula and Anthony. He is truly a role model for all academic partners, as beyond being there to help, he is a wise voice and a source of calm. To our children and all the trainees: writing this biography at this stage of my career feels great, because I feel the world of science will be in good hands with all of you watching over it.
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