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Abstract: The cerebellum controls motor movement and has recently been implicated in higher 

functions including cognition and emotion. Fundamental to cerebellar function is the unique 

laminar organization. During development, granule cell precursors (GCPs) proliferate in the 

external granule layer (EGL) beneath the glia limitans and migrate along the Bergman glial (BG) 

scaffold into the internal granule layer (IGL). Yet, little is known about BG proliferation and 

scaffold formation. We studied the role of ERBB3, a receptor of neuregulin 1 (NRG1), in 

cerebellar lamination. GFAP::Cre;Erbb3F/F mice that lack ERBB3 in both radial glia and 

neurons exhibited impairments in balance and motor-coordination. Cerebellar lamination was 

aberrant; Purkinje neurons (PNs) were misplaced; and granule neurons (GNs) failed to migrate 

into the IGL and formed ectopic clusters in the ML. Interestingly, these phenotypes were not 

observed in Math1::CreERT2; Erbb3F/F mice where the Erbb3 gene was deleted in GNs, 

suggesting that loss of Erbb3 in cells other than GNs and PNs contributes to lamination defects 

in GFAP::Cre;Erbb3F/F mice. Moreover, we found that ERBB3 was expressed in cerebellar 

astroglial cells and was required for their proliferation in culture. These observations support a 

working model where cerebellar BG require ERBB3 for proliferation. Diminished BG 

proliferation in the absence of ERBB3 causes reduction and disorganization of BG scaffold that 

is required for GN migration and cerebellar lamination. These observations identify a novel, cell 

autonomous role for ERBB3 in BG proliferation and cerebellar lamination. 

Disclosures:  A. Sathyamurthy: None. D. Yin:  None. A. Barik:  None. C. Shen: None. J. 
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Abstract: Proper function of neural progenitor cells depends on the development of specific 

cell-cell adhesion structures and the establishment of an apico-basal polarity. Coordinated 

distribution of plasma membrane components and dynamic reorganization of the actin 

cytoskeleton are crucial to establish and maintain this polarity. It is regulated by signaling 

networks and protein complexes that include Rho family GTPases and polarity complexes. 

Among the regulators of the GTPase RhoA is the mammalian class IX myosin Myo9a. 

Constitutive deletion of Myo9a expression in mice leads to severe postnatal hydrocephalus 

formation (Abouhamed et al., 2009). The underlying molecular mechanism is not exactly known. 

Leakage of lysophosphatidic acid (LPA) into embryonic brain tissue through traumatic injury of 

blood vessels has been proposed to induce hydrocephalus through the induction of neuronal 

rosettes. LPA can induce Rho activity just as the loss of a RhoGAP. Therefore, we examined the 

role of the motorized RhoGAP Myo9a during neurogenesis in the developing mouse cerebral 

cortex. In radial glia cells of the developing telencephalon Myo9a localizes to the contractile 

actin ring along the apical junctional complex. As revealed by immunofluorescence stainings and 

electron microscopy images, its loss leads to thickening of F-actin bundles and a reorganization 

of adherens junction (AJ) components. In WT cortices, N-Cadherin labeling appeared as a 

prominent apical band along the ventricular surface. Upon loss of Myo9a, the N-Cadherin band 

appeared diffuse, indicating loss of the normal AJ organization. Consistent with this, aberrant 

localization of megalin, an apical membrane receptor, was observed in Myo9a-/- radial glia. 

These results demonstrate that loss of the motorized RhoGAP Myo9a impairs the proper 

morphological arrangement of cell-polarity and cell-fate cues in radial glia cells. The numbers of 

basal mitotic progenitors originating from asymmetric cell divisions of radial glia cells were 

increased by 3-fold in Myo9a-/- cortices. However, the total numbers of Pax6+ radial glia and 

Tbr2+ basal progenitors were unaltered. Except for a few aberrantly positioned neurons in the 

developing telencephalon, loss of normal radial glia morphology did not grossly interfere with 



neurogenesis as indicated by normal layering of the cortex at birth. Mere inhibition of the Rho 

downstream effector ROCK did not rescue the phenotype. In conclusion, Myo9a is important for 

proper morphology and division of neural precursor cells, but is dispensable for neurogenesis. 

The exact molecular mechanism(s) by which Myo9a-RhoGAP affects AJ in radial glial cells 

remains to be investigated. 

Disclosures:  S. Thelen: None. M. Bähler:  None. 
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Abstract: Gap junction channels formed by connexins (Cx) may play essential roles in some 

processes that occur during neuronal development, such as apoptosis and calcium wave spread. 

Although Cx expression was described in the chick retina, their expression in the visual areas of 

the brain is largely unknown. The present study was undertaken to determine the distribution 

pattern of Cx36, Cx43, and Cx45 by immunoþuorescence, Western Blot, and real time PCR 

during the development of the chick Optic Tectum (OTe). We also measured the coupling level 

in each age by scrape loading (dye uptake). Our results showed that Cx43 was mostly expressed 

in the adult chick OTe (P15 ï 100%) co-localizing with radial glial cells, while E5 was only 15-

30% (P<0,05). The Cx43 phosphorylated isoform was only present in P15 suggesting formation 

of functional gap junction channels. Cx36 was up-regulated during the development. We 

observed low levels at E5 (0,19% P<0,05), which increased during the development. At E15 and 

P15 we observed specific neuronal layers expressing Cx36. Cx45 was highly expressed in the 

beginning of the development and was maintained during the development. Our results about 

scrape loading showed that the neurobiotin dye was uptake in all developmental stages, while the 



Lucifer Yellow dye was spread only after E15 showing a transient pattern. In addition, E10 

neuronal and glial cell culture of chick OTe was incubated with quinine, a specific blocker for 

Cx36 50 and 100ɛM, for 24hours to observe specific changes related with neuritogeneses and 

synaptogenesis. In conclusion, we observed an important modulation of Cxs during the 

development, which is probably related to particular roles in the brain function and maintenance 

of homeostasis during development of the chick OTe. Cx45 may have important roles during the 

neurogenesis and in the control of proliferative processes. Cx36 is upregulated during the 

development revealing important roles in the late development. On the other hand, Cx43 may be 

important after cell differentiation. It was find functional gap junction channels in the hole 

development and adult. Finally, the blockade of specific Cxs alters the synaptogenesis and 

neuritogenesis in vitro. Financial Support: FAPESP. 

Disclosures:  V. Paschon: None. G.S.V. Higa: None. E.R. Kinjo:  None. C.M. Furtado:  

None. N.V. Santos: None. A.H. Kihara:  None. 
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Abstract: Mammalian neuronal cells express long pre-mRNAs which are vulnerable to 

misregualtion of transcriptional elongation or processing but the neuron-specific regulation of 

long pre-mRNAs is still largely unknown. Here we found that RNA-binding protein Sfpq 

(splicing factor, proline/glutaminerich) is essential for neuronal genes to fully express extremely 

long pre-mRNAs. Sfpq was specifically expressed in differentiated neurons during development 

and disruption of Sfpq caused massive apoptosis in embryonic mouse brains. Genome-wide Sfpq 

binding analysis using in vivo iCLIP (cross-linking immunoprecipitation) showed saw-tooth 

binding patterns on entire pre-mRNAs of more than 7400 genes with low sequence specificity, 

which suggests co-transcriptional binding of Sfpq to entire pre-mRNAs. In transcriptome 

analysis of Sfpq-/- brains, the expression of Sfpq-bound pre-mRNAs longer than 100 kilobases 

was significantly down-regulated. Gene Ontology analysis demonstrated these Sfpq target long 

genes have essential functions for late development stage of brains, including cell adhesion, 

neuronal migration, axon guidance, and synapse formation. Mutation of Sfpq target long genes 

are shown to have association with several neurodevelopmental disorders including 

schizophrenia. To further address the in vivo function of Sfpq, we examined the heterozygous 

mutant mice and performed comprehensive behavioral test battery. Sfpq-heterozygous mutant 

mice were viable and they appeared grossly normal, including the morphology of brains. 

However, Sfpq +/- mutant mice displayed schizophrenia-like abnormal behaviors in fear and 

anxiety-related behavioral test and Pre-pulse inhibition test. These data indicate that the RNA 

binding protein Sfpq is required for the expression of long pre-mRNAs which play essential roles 

for neuronal development and that the impairment of Sfpq-dependent gene expression could be a 

cause of neurodevelopmental and psychiatric disorders. 

Disclosures:  A. Takeuchi: None. K. Iida:  None. K. Ninomiya:  None. M. Ito:  None. K. Ohno: 

None. M. Hagiwara:  None. 

 

Poster 

493. Patterning of Brain  

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 493.05/A5 

Topic: A.01. Brain Patterning 

Support: NIH Grant 5T32NS007098-33 

Title: Fgf signal transduction through frs in the developing telencephalon 



Authors: *N. KAMATKAR
1,2

, G. GUTIN
3
, J. HÉBERT

2,3
 

2
Dept. of Neurosci., 

3
Dept. of Genet., 

1
Albert Einstein Col. of Med., Bronx, NY 

Abstract: Fibroblast growth factors (FGFs) are a family of secreted proteins utilized for 

different processes including survival and specification of cells during embryonic brain 

development. How these factors induce these different processes in a spatial and temporal 

manner is an essential question in understanding FGF signaling. Our insight into FGF signal 

transduction has largely been deduced from in vitro experiments that have found several 

intracellular transducers that directly bind to the receptor including FGF Receptor Substrate 

proteins 2Ŭ/ɓ (FRS2/3). To understand the underlying mechanism of FGF signaling in the 

developing telencephalon through FRS2/3, we inhibited signaling through FRS2/3 via two 

complementary approaches. First, we inhibited the binding of the adaptor proteins FRS2/3 to the 

receptor intracellularly, and we observed a severe phenotype in which the telencephalic 

precursor cells do not survive which results in a loss of the telencephalon. We suspect that there 

are other intracellular signaling transducers that are unable to bind to the mutated receptor since 

when we conditionally delete the adaptors FRS2/3 themselves, we find that there is a less severe 

phenotype in which the telencephalon is largely formed albeit reduced in size with failure to 

properly differentiate cells in the medial ganglionic eminence (MGE). Thus, FGF signaling 

through FRS2/3 during early development of the telencephalon is required for only a subset of 

functions including properly differentiating neurons in the MGE. 

Disclosures:  N. Kamatkar:  None. G. Gutin:  None. J. Hébert: None. 
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Abstract: Because of its exceptionally large size it may not be coincidence that the subplate (SP) 

was originally discovered, and its basic functions proposed, based on the analysis of the 

developing cortex in human and nonhuman primates (NHPs) (Kostovic and Moliver, 1974; 

Rakic, 1977). Furthermore, the generally accepted hypothesis that the SP evolves from the 

deeper stratum of the primordial preplate layer (PP) after it becomes separated from the marginal 

zone (MZ) neurons situated above, by the arrival of the cortical plate neurons from the 

ventricular zone (VZ), was also based on histological studies of human fetal brain tissue (Marin 

Padilla, 1978). However, most of the subsequent research on the genesis, function and fate of the 

SP was carried out in non-primate species such as rodents and carnivores (e.g. Allendoerfer and 

Shatz, 1994; Kanold and Luhmann, 2010) and its origin and evolutionary expansion in human 

remains elusive. Here we take advantage of the large and slowly developing SP in the macaque 

monkey to examine the time of origin, mode of migration, settling pattern and fate of the SP in 

primates. Monkey embryos were exposed to the DNA replication marker H3-Thymidine (TdR) 

at early embryonic ages and sacrificed at different intervals to follow changes in positions and 

fates of the postmitotic cells. Surprisingly, we found that most SP neurons generated in the VZ 

initially migrate radially to the cortical plate together with the prospective layer 6 neurons. Only 

subsequently, during mid-gestation, they become secondarily displaced within the widening SP 

zone which expands by growth of the neuropil, due mainly to invasion of basal forebrain, 

thalamocortical and cortico-cortical axons. Examination of the SP in the embryonic human 

cerebral wall at corresponding fetal ages, indicates even larger displacement of SP cells, 

particularly subjacent to the association cortical areas and underneath the summit of the folia 

which contains the voluminous contingent of early cortico-cortical connections. Overall our data 

sheds new insight into the origin and fate of the SP in primates, and illustrate the dynamic nature 

of this transient zone, which has been associated with disorders of the highest cognitive 

functions, such as autism and schizophrenia (Akbarian et al., 1996; Kostovic et al., 2011; 

Hoerder-Suabedissen et al., 2013). 

Disclosures:  A. Duque: None. Z. Krsnik:  None. P. Rakic: None. I. Kostovic: None. 
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Title: Implications of pax6 in pituitary gland function and development 

Authors: *K. JOHNSON , C. BLATCHER, *. LAUDERDALE 

Cell. Biol., Univ. of Georgia, Athens, GA 

Abstract: Aniridia is a congenital condition characterized by the absence of the iris that is 

caused by a semidominant mutation in the transcription factor Pax6. The eye phenotypes of this 

disorder have been well characterized, but recent studies have shown that Aniridic patients over 

the age of 18 have a higher propensity for obesity, polycystic ovarian disease, infertility, and 

severe eczema when compared to their non-Aniridic siblings. It is possible that these symptoms 

are a result of a Pax6 deficiency in the neuroendocrine regions of the brain, such as the pituitary 

gland. During development, Pax6 expression in the pituitary gland begins at e9.0 in the 

primordial anterior pituitary gland (Rathkeôs Pouch). This expression becomes restricted to the 

dorsal anterior pituitary by e11.5 and persists into adulthood. Therefore, it is plausible that a 

reduction in PAX6 could result in a change in pituitary hormone cell numbers and thus explain 

the endocrine symptoms that affect people with Aniridia. To test this possibility, we have used 

flow cytometry to measure pituitary cell numbers in the mouse model for Aniridia, Small eye, 

which have a deficiency in one copy of Pax6. Our data suggests that in adult mice a reduction in 

levels of PAX6 does not result in significant differences in cell numbers when compared to wild-

type. Previous studies have reported changes in levels of Adrenocorticotropin Hormone and 

Thyroid Stimulating Hormone levels in people with Aniridia. However, based on the data 

presented here, it is unlikely that the hormone changes are a consequence of an increase or 

reduction in hormone-producing cells of the pituitary gland. Alternatively, it may be that Pax6 is 

indirectly affecting hormone production and release by regulating the enzymes that are 

responsible for generating the active form of the hormones, prohormone convertase (PC) 1 and 2. 

Future studies will therefore focus on the potential relationship between Pax6 and PC 1 and PC2, 

and on the possibility that Pax 6 affects the hypothalamic hormones. 

Disclosures:  K. Johnson: None. *. Lauderdale: None. C. Blatcher: None. 
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Abstract: We have previously described a forward genetic screen for cortical lamination defects 

and identification of a novel hypomorpic allele of reelin (Cereb. Cortex 2013 doi: 

10.1093/cercor/bht209). This mutant, named Reln 
CTRdel

, carries a splice-site mutation that results 

in a truncation of the C-terminal region (CTR) domain. The mutant expresses normal levels of 

secreted reelin protein, distinguishing Reln 
CTRdel

 from Orleans reeler, which has a larger C-

terminal truncation that causes a secretion defect and phenocopies reeler. In contrast, Reln 
CTRdel

 

displays remarkably distinct phenotypes from reeler. First, the size and foliation of the 

cerebellum is normal, and this mutant is not ataxic. Second, the mutant does not have the 

inversion of cortical layers; however, both superficial and deep layer neurons migrate beyond 

normal boundaries. This abnormality, in the absence of layer inversion, strongly supports the 

hypothesis that that reelin may act as a stop signal for migrating cortical neurons. Third, while 

lamination in Cornu Ammonis region of the hippocampus is normal, the dentate gyrus 

morphology is severely disturbed; most of the infrapyramidal blade is absent, while the 

suprapyramidal blade is present and better laminated compared to reeler. We are exploring the 

specific process that is disturbed in this mutant. We do observe increased Dab1 expression, 

likely due to impaired negative feedback, which suggests defect in reelin signaling. In summary, 

CTR-truncated reelin still can carry out certain developmental processes (i.e. inside-out cortical 

lamination, normal cerebellar foliation and function, and development of the CA region and 

suprapyramidal blade). This unexpectedly enables us to elucidate a requirement of the reelin 

CTR domain in specific developmental processes: arrest of cortical neuronal migration and 

formation of dentate gyrus infrapyramidal blade. 

Disclosures:  S. Ha: None. D.R. Beier: None. 
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Abstract: The neocortex is a highly dynamic structure that can be functionally optimized both in 

its organization and connectivity to generate appropriate behavior in an ever-changing social and 

physical environment. While many factors are known to contribute to this plasticity, the limit of 

this plasticity following early cortical injury is not well known. To better understand the time-

course and extent of recovery of the neocortex, our laboratory has previously used the short-

tailed opossum (Monodelphis domestica) as a model organism to investigate cortical 

reorganization. Opossums are born extremely early in development, which has allowed us to 

investigate the effects of lesioning the caudal pole of cortex (which would normally develop into 

primary visual cortex and other visual areas) before thalamocortical afferents have innervated 

cortex (postnatal day 4, P4). We found that early lesions result in a rostrally-shifted, compressed 

representation of somatosensory and auditory cortex and a very small, caudally-located visual 

area when animals were examined as adults. Thalamocortical projections had also shifted 

rostrally so that inputs from the major sensory nuclei correctly projected to their cortical targets 

(Huffman et al., 1999). The studies presented here demonstrate if and how plastic changes to the 

neocortex differ when cortex is bilaterally lesioned just after thalamocortical axons have 

innervated the neocortex (P12 in opossums). Following lesions, animals were allowed to develop 

to adulthood, and the functional organization of the neocortex was accessed using 

electrophysiological recording techniques. Unlike animals lesioned at P4, P12 lesioned animals 

do not show a compression or a rostral shift of somatosensory, auditory and visual areas. 

Additionally, only a small portion of cortex in which neurons responded to visual stimulation 

was found at the caudal-most portion of remaining cortex in some, but not all cases. 

Somatosensory cortex in these animals had a normal topography, with body and forepaw 

representations located medially and the face representation located laterally within 

somatosensory cortex. These results indicate that the extent of cross-modal plasticity following 

cortical insult is severely restricted once thalamocortical afferents have innervated the cortical 

subplate. Importantly, the persistence of a visual cortex is highly dependent on when cortical 

injury occurs relative to the development of thalamocortical axons. 

Disclosures:  L.A. Krubitzer:  None. J.C. Dooley: None. 
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Abstract: Cerebellar granule cells (GCs) are neurons that coordinate motor function, memory 

and learning. GC development is tightly controlled by the Sonic Hedgehog (SHH) signaling 

pathway. The pathway regulator, Suppressor of Fused (SUFU) modulates the levels of SHH 

effectors by stabilizing GLI activators and promoting the synthesis of GLI3 repressor (Gli3R), in 

a context dependent manner. Genetic deficiency of SUFU in all cerebellar cells resulted in 

abnormal patterning and cell differentiation, and reduced cerebellar size, suggesting a deleterious 

effect on GCs (Kim et al., 2011). However, the mechanisms by which SUFU controls GC 

development, specifically, are undefined. Here we investigate our hypothesis that SUFU controls 

GC development by regulating the activity of the SHH signaling pathway. We deleted SuFu 

specifically from the GC lineage using Cre recombinase driven by the Math1 promoter in mice. 

Mutant cerebella contained an increased number of Pax6-positive GC precursors, with a higher 

rate of GC proliferation demonstrated via in situ BrdU incorporation assays. A subset of mutant 

GCs also failed to migrate to their final destination in the mature cerebellum (internal granule 

layer), though they correctly expressed differentiation markers, such as NeuN and Tag1. 

Interestingly, the GFAP-positive Bergmann glia (BG) scaffold, a regularly arranged meshwork 

of neuron-supportive cells, was consistently disrupted in areas containing GCs that failed to 

migrate. Ectopic BLBP-expressing BG cell bodies were also observed in the GC precursor zone 

(external granular layer) in mutant cerebella, suggesting defects in BG patterning and 



differentiation. As SuFu was not deleted from the BG lineage, these findings uncover a novel 

non-cell autonomous function of SuFu. Finally, constitutively expressing GLI3R (transgenically) 

in SUFU deficient mice fully rescued defects in GC proliferation, but not migration, suggesting 

complex molecular interactions downstream of SUFU in GC development. We conclude that (i) 

SUFU controls the number of GC precursors by cell-autonomously regulating GC proliferation 

and migration, in a GLI3R-dependent and -independent manner, respectively; and (ii) SUFU 

non-cell autonomously regulates the patterning of the BG lineage. We speculate that SUFU 

controls cerebellar development via SHH-dependent and -independent mechanisms. 

Disclosures:  T. Jiwani:  None. J.J. Kim:  None. L. Rotin:  None. N.D. Rosenblum: None. 
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Abstract: Connective tissue growth factor (CTGF), a member of CCN family, is important for 

the development of connective tissue. In the cerebral cortex, CTGF is expressed in subplate 

neurons. However, the roles of CTGF in the brain are still largely unknown. To evaluate the 

functions of CTGF in the brain, a forebrain-specific Ctgf knockout mouse model was generated 

by crossing Ctgf 
flox/flox

 mice with Emx1-Cre transgenic mice. In Ctgf 
flox/flox

; Emx1-Cre mice, the 

expression of Ctgf in the subplate was abolished while these mice are still fertile and develop 

normally. In the present study, the behavioral phenotypes of Ctgf 
flox/flox

; Emx1-Cre mice were 

examined. Wildtype and mutant mice exhibited comparable locomotor activity in an open field 

and similar sensorimotor gating ability in response to acoustic startle stimuli. The olfactory 

function was evaluated in buried food test and the latency to uncover food pellet was equivalent 

between genotypes. However, the mutant mice tended to spend more time in the closed arms of 

an elevated plus maze and display less immobility time in the forced swimming test. Since some 

emotion-related behaviors are affected in forebrain-specific Ctgf knockout mouse model, our 

data suggest a novel function of subplate-expressed Ctgf in adult brain. 



Disclosures:  H. Chang: None. I. Yu:  None. K. Chen: None. L. Lee: None. 
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Abstract: During neocortical development, a multitude of cellular events must all occur with 

exquisite spatiotemporal control. Its location within the uterus when embryonic cardiovascular 

development and placental blood flow are not well-established, leads to a hypoxic environment. 

Despite this hypoxia, the embryonic cells are able to undergo remarkable growth and 

differentiation. Hypoxia-inducible factor (HIF) is known to play critical roles as molecular 

sensors of oxygen pressure, and HIF-1alpha has been reported to be crucial for normal brain 

development. Additionally, HIF may acts cooperatively with other signaling molecules such as 

Notch-Hes, thereby influencing a wide range of processes including tumor malignancy and 

neural progenitor maintenance and differentiation. In this study, at first we measured oxygen 

pressure level in the embryonic neocortex with needle type micro oxygen sensor. We found that 

the oxygen pressure level was around 1% to 2.5% at embryonic day of 12 ( E12) to E15, and this 

oxygen level was generally known as physiological hypoxia. Next, a chemical reagent 

pimonidazole, which is activated in hypoxic cells, was utilized to confirm the localization of 

hypoxic cells in the developing neocortex, and we detected the activated pimonidazone around 

the ventricular zone. Furthermore, we performed transient transfection experiments in the mouse 

neuroblastoma Neuro2a cell line using plasmids containing HIF- responsive element (HIFRE) 

region fused to the luciferase reporter gene, and observed that HIFRE-luciferase activity was 

significantly increased in the hypoxic condition compared with that in the normoxic condition. 

Also, we found that hypoxic environment significantly increased Hes1 promoter activity, 

whereas hypoxia significantly suppressed both Neurogenin2 and NeuroD1 promoter activity in 

the Neuro2a cell line. In addition, the HIF target genes such as Igfbp5 preferentially expressed in 

the ventricular zone, and these HIF target genes were highly correlated with Notch-Hes 



signaling. These results suggest that hypoxic environment plays a critical role in the regulation 

neural differentiation during neocortical development. 
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Abstract: Docosahexaenoic acid (DHA, 22:6), an omega-3 long chain fatty acid (LCFA), 

constitutes the primary structural LCFA of the brain. It is esterified as phosphatidylserine (PS) 

and phosphatidylethanolamine (PE) phospholipids localized primarily in the inner leaflet of cell 

membranes. Ca2+-independent phospholipase A2 (iPLA2) releases DHA from the membrane 

phospholipids, and DHA prevents apoptosis, promotes neuronal differentiation and activates 

neuronal gene expression by functioning as a ligand at the retinoid X receptor. DHA thereby 

plays an important role in neuronal survival and maturation. Due to its roles in both membrane 

architecture and cellular transcription, DHA is critical for proper development of brain. For 

example, recent evidence establishes the role of DHA in the development of the hippocampus 

and the dorsal root ganglia. Based on this background, we are investigating the possible role of 

DHA in the development and neuroprotection of the mid-brain. In parallel efforts, we are 

evaluating the uptake of exogenous DHA and related compounds by the brain in vivo, and the 

effects of DHA on a dopaminergic cell line. Our lab has previously shown that LCFA 

ethanolamides (N-acylethanolamines) enter the brain much faster than their corresponding free 

LCFAôs (Abstract#: 639.25, 2012). In the brain, the ethanolamides are rapidly converted to free 

LCFAôs by the enzyme fatty acid amide hydrolase (FAAH). DHA ethanolamide (DHEA) has 

been termed ñsynaptamideò (PMID: 21810478). We hypothesized that the ethanolamides might 

generally be useful to deliver LCFAôs to the brain, in other words, to act as prodrugs. To test this 



hypothesis, we synthesized the radiolabelled N-acylethanolamine of DHA, [C-

14]docosahexaenoylethanolamine ([C-14]DHEA). Preliminary experiments confirmed that 

following intravenous administration the radiotracer was found in the mid-brain. Parallel in vitro 

studies on the IRB3AN27 (mesencephalic dopaminergic) cell line showed increased 

neuritogenesis following treatment with DHA, suggesting a possible role of DHA in the 

development and/or maturation of mid-brain dopaminergic system. Studies are in progress to 

confirm this role of DHA in the development of mid brain dopaminergic system and to evaluate 

the potential therapeutic effects of DHA and DHEA using a suitable animal model. 
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Abstract: Orexins (hypocretins) are peptide neurotransmitters that regulate wake-sleep cycle and 

arousal, promoting wakefulness and inhibiting REM sleep. We have previously demonstrated 

that KO mice lacking ebf2, a member of the bHLH family of transcription factors, show a 

narcoleptic phenotype, characterized by direct to REM transitions from the wake state and 

cataplexic episodes. This phenotype is due to the loss of 80% of the orexinergic neurons in the 

lateral hypothalamus and decreased levels of expression of orexin A in the remnant cells. We 

also identified two olf1-like binding sites in the putative minimal promoter region (comprising 



roughly 450 bp upstream of the transcription initiation site) of the prepro-orexin genes from 

several mammalian species. Here, we analyze the regulation of expression of luciferase driven 

by the putative promoter region of the murine prepro-orexin gene. We generated luciferase-

expressing constructs based on the pNifty3-Lucia plasmid vector (Invivogen, CA) containing 

synthetic sequences derived from the publicly available prepro-orexin gene sequence (MGI ID 

1202306, Hcrt; NCBI: NM_010410.2). We transfected our reporter constructs into a stable, 

modified HEK 293 cell line, overexpressing mouse ebf2. Ebf2-expressing cells show a 7-fold 

increase in luciferase signals over levels observed in Wt HEK293 cells (2091±243 vs. 293±24 

luminescence units, respectively; mean ± SEM; P<0.001, Bonferroni-corrected ANOVA 

followed by Holm-Sidak post-hoc test). Deleting both putative olf1 sites in the prepro-orexin 

promoter prevents the increase in luciferase expression and luminescence reverts to near Wt 

levels (188±17; P<0.001 vs. ebf2 cells). Our results suggest that ebf2 regulates prepro-orexin 

gene expression through binding to olf1 sites present in its promoter region. 
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Abstract: The cerebellum is compartmentalized into some tens of areas that have distinct axonal 

projection patterns, and thus that are presumably involved in different functions. In each 

compartment, a subset of Purkinje cells will have distinct expression levels of certain molecules, 

such as aldolase C (=zebrin II), which can be used as markers for the compartment. Because 

aldolase C is expressed only in the mature cerebellum, we investigated whether protocadherin 10 

(Pcdh10), which is expressed during cerebellar development, could also act as a molecular 



marker. By using heterozygote samples of the knock-in mouse strain (OL-KO, Lexicon 

Pharmaceuticals, Inc., USA; Uemura et al., 2007), in which Pchd10 gene expression is visualized 

by the reporter molecule beta-galactosidase, we were able to follow the evolution of cerebellar 

compartments through successive developmental stages. Whole mount preparations of the 

cerebellum from embryonic day 13.5 up to adult were used to investigate the alternating striped 

pattern of Pcdh10 expression throughout development. In the mature cerebellum (~adult), high 

expression areas were clearly compartmentalized into multiple stripes mainly in the vermis, 

paravermis, and paraflocculus. Although these compartments could be roughly traced through 

development, they were differently organized in shape and were merged in some cases in the 

immature cerebellum (down to E13.5). Consequently, the appearance of the mature striped 

pattern of Pcdh10 expression in the adult cerebellum was quite different from that in the 

embryonic immature cerebellum. We are now investigating the details of the developmental 

changes in Pcdh10 compartments. We also compared Pcdh10 compartments and Aldolase C 

compartments precisely in serial sections at postnatal day 16, when Aldolase C compartments 

start to stabilize. We are studying the spatial relationship between Aldolase C and Pcdh10 

compartments. Initial results suggest that the compartments defined by these markers are exactly 

matched in some areas but not in others. The results indicate that the fine molecular 

compartments of the adult cerebellar cortex have a developmental lineage from immature early 

compartments in the embryonic cerebellum. 
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Abstract: During early development, the Fibroblast Growth Factor (FGF) signaling pathway is 

one of the major inductive pathways that contribute to the ability of cells to organize into 

complex structures such as the telencephalon and its dorsal derivative, the cortex. For example, 

in early development FGFs are required for the survival of telencephalic precursors, while at 

later stages they maintain ñstem-cellnessò of radial glial cells in the neocortex. However, the role 

of the adaptor proteins that interact with FGF receptors to transduce signals and promote these 

various functions remain poorly understood in vivo. The FGF signaling adaptor proteins, FRS 

and Crk, are leading candidates for transmitting FGF signals during telencephalon development. 

We utilized conditional FRS and Crk knockout mice to study the roles of FRS and Crk genes 

during early and late development of the telencephalon. We found that the FRS genes are not 

critical for all aspects of FGF signaling during telencephalon development. 

Disclosures:  C.A. Blackwood: None. G. Gutin:  None. N. Kamatkar:  None. K. Lee: None. F. 

Wang: None. G. Fishell: None. M. Goldfarb:  None. J. Hebert: None. 

 

Poster 

493. Patterning of Brain  

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 493.17/A17 

Topic: A.01. Brain Patterning 

Title: Acupuncture on GB34 activates the precentral gyrus and prefrontal cortex in Parkinsonôs 

disease 

Authors: *L. M. GYU
1
, S. YEO, 30's

2
, S. LIM, 50's

2
, C. ILHWAN, 30's

2
, M. VAN DEN 

NOORTC
3
, P. BOSCH

4
, G.-H. JAHNG

5
 

1
Dong Dea Moon Gu, Kyung Hee Univ. Med. Ctr., Seoul, Korea, Republic of; 

2
Korean 

medicine, Kyung Hee university, seoul, Korea, Republic of; 
3
Free Univ. of Brussels, Brussels, 

Belgium, Belgium; 
4
Donders Inst. for Brain, Nijmegen, Netherlands; 

5
Col. of Med., seoul, 

Korea, Republic of 

Abstract: Acupuncture on GB34 activates the precentral gyrus and prefrontal cortex in 

Parkinsonôs disease 
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Abstract: Abstract Cconnective tissue growth factor (CTGF), a critical player in connective 

tissue development, is exclusively expressed in the cortical subplate. To explore the function of 

CTGF in the brain, a forebrain-specific Ctgf knockout mouse model was generated by crossing 

Ctgf 
flox/flox

 mice with Emx1-Cre transgenic mice in which the expression of Cre is prenatally 

initiated. The expression of Ctgf in the subplate was abolished in Ctgf 
flox/flox

; Emx1-Cre mice. 

The densities of cortical neurons were estimated in adult mice (10-12 weeks and 16-18 weeks). 

Besides, since Ctgf-expressing subplate neurons send axons to the center of each cortical barrel 

in which spiny stellate cells preferentially orient their dendrites toward it. The dendritic 

arborization of layer 4 spiny stellate cells in the barrel cortex was revealed using Golgi stain and 

the morphometric parameters of dendrites were measured. The densities of cortical neurons and 

dendritic arbors of layer 4 spiny stellate cells in the barrel cortex were comparable between 

genotypes in adult mice. Our data indicated that the cytoarchetecture of barrel cortex in adult 

brain is not affected by forebrain-specific deletion of Ctgf from the embryonic period. 

Disclosures:  K. Chen: None. H. Chen: None. H. Chang: None. I. Yu:  None. L. Lee: Other; 

Neurobiology and Cognitive Science Center. 

 

Poster 

493. Patterning of Brain  



Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 493.19/A19 

Topic: A.01. Brain Patterning 

Support: JSPS KAKENHI Grant Number 24659085 

Title: Functional analysis of the Reelin-Dab1 signal pathway in the developing zebrafish 

nervous system 

Authors: *S. KIKKAWA , T. SUMIMOTO, T. SUMI, Y. SAKIHAMA, T. TERASHIMA 

Kobe Univ. Sch. of Med., Kobe, Japan 

Abstract: Reelin is an extracellular matrix protein highly conserved among vertebrates and is 

known to control neuronal migration during mammalian brain development. The intracellular 

protein disabled homolog 1 (Dab1) has been identified as a downstream adaptor protein in the 

Reelin signal. Spontaneous mutants for reelin and dab1, as well as targeted knockout mice, have 

been reported to share their characteristic laminar malformation in the brain cortices, which 

includes the largely inverted outside-in structure of the cerebral neocortex and distinctive 

hypoplasia of the cerebellar cortex. Whereas a large body of evidence has been accumulating in 

mammals, little is known about the roles of these molecules in the neural development of non-

mammalian vertebrates. Zebrafish embryo is an established model organism bearing robustness 

to experimental manipulation and transparency feasible for visualization of developmental 

processes, including neuronal migration, nerve nucleus formation, and axonal outgrowth, in a 

living organism. To investigate functions of the Reelin-Dab1 signal pathway in neural 

development of non-mammalian vertebrates, we cloned their zebrafish homologues, including 

reelin and dab1 (with two isoforms, dab1a and dab1b). Immunohistochemical studies revealed 

that the Reelin protein is highly expressed throughout the CNS, including the telencephalon, 

optic tectum, cerebellum, hindbrain, and spinal cord, and that the expression pattern changes 

dynamically during embryogenesis. Next, we found that gene silencing using morpholino 

antisense oligonucleotides (MOs) against reelin or dab1a, but not dab1b, causes migration 

defects in the facial and vagus motor neurons in the developing hindbrain, defects in peripheral 

nerve pathfinding and fasciculation, and defects in posterior migration of the lateral line 

neuromasts . We also observed migration defects in cerebellar Purkinje, but not granule, cells in 

reelin and dab1a morphants. In addition, these Purkinje cells seem to undergo the retarded 

neuronal differentiation and/or development. Our results demonstrate that the Reelin-Dab1 signal 

pathway, known to mainly control neuronal migration in mammals, plays more diverse roles in 

zebrafish neural development. 
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Abstract: Control of gene expression is critical during brain development. This is evidenced by 

genetic studies of neurodevelopmental disorders, where implicated genes converge in 

transcriptional regulation and chromatin remodeling pathways. Enhancers are distal regulatory 

DNA elements that activate expression of target genes. The genome-wide location and activity of 

enhancers can be predicted via ChIP-seq targeting histone modifications. We profiled the 

enhancer-associated histone mark H3K27ac in mouse forebrain across seven developmental 

stages. Complementary to time course analysis, we use data from additional histone 

modifications (e.g. H3K4me1, H3K4me3, and H3K27me3) to identify active and repressed 

chromatin states in the embryonic forebrain, and used transgenic assays to validate enhancer 

activity in vivo in the mouse brain. The results reveal regulatory circuitry associated with 

processes such as neuronal proliferation, lineage specification, and synaptic development and 

provide an entry point for examining the role of regulatory control systems in evolution and 

disorders of the brain. This integrated functional genomic study implicated many thousands of 

non-coding sequences, as well as active and repressive chromatin states, in orchestrating 

transcriptional regulation underlying forebrain development and function. 
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Abstract: The adult subventricular (SVZ) zone contains neural stem cells (NSCs) that produce 

neurons throughout life. NSCs in the SVZ are regionally heterogeneous such that those located 

ventrally generate different subtypes of neurons than those located dorsally. Whether epigenetic 

mechanisms underlie the maintenance of the regional identity of NSCs is not known. Microarray 

analysis of dorsal and ventral V-SVZ NSCs revealed an enrichment of homeotic transcription 

factors consistent with the embryonic origins of each region. Specifically, ventral SVZ NSCs 

were enriched for Nkx2.1, a transcription factor required to specify the ventral telencephalon 

during embryogenesis. While sonic hedgehog (Shh) signaling is required to induce and maintain 

Nkx2.1 expression early in neural development, inhibition of Shh signaling by cyclopamine and 

vismodegib did not reduce Nkx2.1 expression in postnatal SVZ NSCs, suggesting that Nkx2.1 

expression in the SVZ was being maintained epigenetically. Chromatin immunoprecipitation 

sequencing (ChIP-seq) analysis of dorsal and ventral SVZ NSCs revealed that many of the 

regionally expressed genes, including Nkx2.1, were enriched with H3K4me3, a chromatin mark 

associated with active transcription. Furthermore, Mixed-lineage leukemia 1 (MLL1) protein, a 

trithorax group member and H3K4 methytransferase, was enriched at the Nkx2.1 locus in 

ventral, but not dorsal SVZ NSCs. Conditional deletion of MLL1 in ventral SVZ NSC cultures 

resulted in loss of Nkx2.1 expression, but the Shh signaling pathway remained intact, indicating 

that MLL1 is required for the maintenance of Shh-independent Nkx2.1 expression. Using 

Nkx2.1-CreER fate tracing, we found that early embryonic Nkx2.1+ cells are direct precursors to 



the Nkx2.1+ NSCs of the postnatal SVZ. We next investigated whether MLL1 is also required 

for Nkx2.1 expression during embryonic development. While conditional deletion of MLL1 with 

the Nestin-Cre transgene did not result in loss of Nkx2.1 expression at embryonic day 13.5 

(E13.5), by E18.5, the expression of Nkx2.1 in the developing ventral telencephalon was greatly 

diminished. These data suggest that MLL1 is not required for the establishment, but rather the 

maintenance of Nkx2.1 expression in the embryonic and postnatal brain. These data thus 

illustrate how the positional information provided by extrinsic cellular signals such as 

morphogens becomes epigenetically encoded into regionally distinct cell types. More generally, 

these results help explain how complex developmental information is properly maintained 

despite rapid tissue growth and/or dynamic changes in morphogen gradients. 
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Abstract: We aimed to describe the evolution of the cerebellar pathways of the inferior (ICP), 

middle (MCP), and superior (SCP) cerebellar peduncles in developing human subjects ranging 

from newborn to young adult, using high angular resolution diffusion imaging (HARDI) 



tractography. The ICP primarily contains fibers from/to the inferior olivary (IO) nucleus related 

to proprioceptive sensory and motor vestibular inputs as well as outputs for balance and posture 

maintenance. The MCP contains two dissociated pathways: 1) pathways from the rostral pons to 

the inferior cerebellum (MCP-1) attributed with a sensory-motor function and 2) pathways from 

the caudal pons to the superior cerebellum (MCP-2) attributed with a higher cognitive function. 

The SCP pathways are the primarily output pathways from the cerebellum. Number and volume 

of all studied pathways increased progressively with age with an initial plateau varying across 

pathways (approximately: ICP at 3Y, MCP-1 at 5Y, MCP-2 at 3Y, SCP at 3Y). MCP-1 and 

MCP-2 pathways were distinctly identifiable starting from the earliest ages, and the volume of 

MCP-1 was consistently greater than the volume of MCP-2 (2-way ANOVA, p < 0.05). Mean 

ADC for all studied pathways decreased in the first 5 years then plateaued. ADC values for ICP 

and SCP remained significantly higher than those of the MCP for all age groups (p > 0.01). 

Mean FA increased until a plateau of 5 years (chi-square test, p < 0.05). ICP showed 

significantly lower mean FA than all other tracks (p < 0.01), while MCP-1 showed significantly 

higher mean FA than all tracks (p < 0.01). ICP tracks were not detected until about 2 months (M) 

post-term and showed a surge in development from 2M to 6M post-term. At approximately 6 

years of age, these tracks begin to branch more extensively. The absence of tractography 

pathways is likely to indicate lower myelination and lower density of axons, suggesting lower 

maturity of the pathways. Interestingly, the ICP, involving primary sensorimotor functions 

appear to begin maturing later, although complete more rapidly, than the SCP and MCP 

pathways. This may suggest that output pathways to the IO nucleus may play a role in the 

maturation of IO neurons and therefore axons which compose the ICP. Early extra-uterine 

proprioception and balance experiences may also contribute to the rapid development of the ICP 

2M to 6M post-term. The dissociated maturation patterns of the two MCP pathways suggest that 

although there are pathways related to higher cognitive functions, primary motor functions are 

dominant in the cerebellum. We hope this work may represent an initial step towards the creation 

of an age-based reference atlas for developing cerebellar tracts. 
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Abstract: Little is understood about the early development of callosal connections in human 

brains. In mice, the corpus callosum pathways are thought to be pioneered by axons from the 

cingulate cortex, which help guide axons across the midline. Although extensive work has been 

carried out in mice, the spatiotemporal development of the callosal pathways in the developing 

human brain remains elusive. The aims of this study are to describe during human fetal, 

newborn, and toddler ages 1) the timing of the emergence of pioneer axons for callosal pathways 

and their course as they cross the midline, 2) specify the location within the mesial wall of the 

brain from where the pioneer axons for callosal pathways originate, 3) determine whether 

callosal axons are distinguishable from the population of pioneer axons by HARDI tractography, 

and 4) perform a comparative neuroanatomic analysis between mouse and human brains by 

tractography of the developing callosal connections. We first confirmed in mouse brains that the 

HARDI technique can detect pathways that likely correspond to pioneer axons and permanent 

callosal axons in the cingulate gyrus from embryonic day (E) 14.5. Overall axonal development 

patterns were consistent with previously reported orders and organization of emerging fiber 

pathways in mice. In humans at 15-17 gestational weeks (GW), most of the pathways running 

through the superior/inferior mesial wall were radially oriented to the brain surface and 

terminated in the ventricular zone. At 17GW, a few pathways from the superior mesial wall 

emerged and connected to the contralateral hemisphere through the corpus callosum. 

Interestingly, additional tractography pathways arising from more lateral regions of the brain 

also led to the corpus callosum. At 20GW, pathways connecting both hemispheres from/to the 

inferior mesial wall (cingulate gyrus) emerged and were observed in all of the anterior, middle, 

and posterior brain regions, while pathways from/to the superior mesial wall connecting both 

hemispheres were not observed at this stage. Only a few, local short pathways connecting the 

superior and inferior mesial walls within a hemisphere were observed. At 22GW, pathways 

corresponding to the callosal pathways from/to the cingulate gyrus emerged. At 30GW, short, 

local pathways were clearly identifiable by tractography. From 40GW to 2 years of age, 

tractography pathways from/to the superior/inferior mesial walls revealed a similar organization 



as the 30GW. These results suggest that HARDI can image potential pioneer axons as early as 

17GW in humans and identify developing pathways that correspond to permanent callosal 

pathways in the mesial wall of the brain. 

Disclosures:  J.W. Song: None. G. Dai: None. A.C.R. Scott: None. E. Takahashi: None. 

 

Poster 

493. Patterning of Brain  

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 493.24/A24 

Topic: A.04. Stem Cells 

Support: NUHS seed fund: R-181-000-157-112 

Title: Maternal diabetes alters expression of microRNAs that regulate genes critical for neural 

tube development 

Authors: *T. DHEEN , S. SHYAMASUNDAR, S. S. W. TAY, B. BAY 

Anat., Natl. Univ. Singapo, Singapore, Singapore 

Abstract: Maternal diabetes causes neural tube defects (NTDs) in embryos and 

neuropsychological deficits in infants. Over the years, several metabolic pathways and genes 

have been identified to be deregulated by maternal diabetes although the exact mechanism 

behind this remains unknown. Recently, micro RNAs have been shown to be critical for brain 

development and maturation. Therefore, we hypothesized that maternal diabetes alters the 

expression of miRNAs that regulate genes involved in biological pathways critical for neural 

tube development and closure. To address this, we performed miRNA expression profiling in 

neural stem cells (NSCs) isolated from the forebrain of embryos exposed to hyperglycemia in 

vivo. Since maternal diabetes results in fetal hypoglycemia/hyperglycemia or hypoxia (induced 

by hyperglycemia), we exposed NSCs in vitro to low glucose, high glucose or hypoxia. Distinct 

miRNA expression patterns were observed in NSCs from different groups. Pathway analysis 

identified biological pathways that were targeted by differentially expressed miRNAs in the 

different groups. From this, we identified 7 common pathways (namely MAPK signalling, focal 

adhesion, actin cytoskeleton, wnt signalling, neurotrophin signalling, ErbB signalling and axon 

guidance) that were predicted to be deregulated in NSCs from various groups. The biological 

pathways identified by pathway analysis have already been shown to be associated with or 

critical for neural tube development. Our results indicate that altered miRNA expression induced 



by maternal diabetes may form the basis for deregulation of several metabolic pathways resulting 

in NTDs. Overall, our results provide novel insights into the mechanism of maternal diabetes 

induced NTDs and altered brain function in infants of diabetic mothers. 
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Abstract: Our laboratory has identified a role for activity in the maturation of specific classes of 

cortical interneurons. Neuronal activity typically functions through activation of calcium-

signaling cascades, however the contribution of any specific calcium signaling cascade or a 

calcium effector molecule in the development of interneurons has yet to be established. We 

observe that Calcineurin, a calcium dependent serine threonine phosphatase, is expressed in both 

medial and caudal ganglionic eminence-derived cortical interneurons. Loss of Calcineurin using 

a pan interneuronal driver decreases the survival of the animal to an average lifespan of 21 days. 

The overall body size of the animal is smaller, however the removal has no effect on the brain 

size. Interestingly, while at P6 the numbers of cortical interneurons is unaffected in conditional 

Calcineurin animals, by P21 it is 20% higher than found in age matched wild type littermates. 

This result suggests that the increase in the number of cortical interneurons observed at P21 is 

due to disruption in intrinsic cell death. Interestingly, in calcineurin knockout animals despite the 

overall increase in interneuron numbers, none of the subtype specific markers seem to be 

increased. In fact, paradoxically Parvalbumin and Reelin markers was found to be reduced. This 

suggests that calcineurin removal is also affecting the maturation of interneurons. 
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Abstract: Naturally occurring neuronal cell death is a widespread feature of brain development. 

Two waves of death have previously been described. The first occurs near proliferative zones, 

peaks around embryonic (E) day 14 in the mouse, and eliminates many neuronal precursor cells 

soon after they are generated. The second wave, known as postmitotic cell death, occurs after 

neurons have migrated and begun to make connections, and is thought to be largely postnatal. 

We previously generated an ñatlasò of cell death in the postnatal mouse brain, using 

immunohistochemical detection of activated caspase-3 as a marker for dying cells (Ahern et al., 

2013). Of the ~30 areas of the forebrain quantified from the atlas, many had elevated levels of 

cell death at postnatal day (P)1. This raised the question of whether peak cell death in these 

regions actually occurs prenatally; few studies have systematically examined cell death during 

the embryonic to postnatal transition. To address this, we generated timed-pregnant mice and 

collected male and female offspring on E17, E18, E19, P0 and P1. In most forebrain areas, there 

were very few activated caspase-3 cells prior to birth. This confirms that postmitotic cell death is 

predominantly postnatal in the forebrain. Of the regions in which postnatal cell death was 

previously quantified, the amygdala and hippocampus were the only areas to show appreciable 

levels of activated caspase-3 prenatally. In addition, however, we found striking accumulations 

of activated caspase-3 cells dorsal and ventral to the corpus callosum in the subcallosal sling and 

indusium griseum/cingulate cortex prenatally. Grayscale thresholding revealed significant effects 

of age in these regions (p=0.0003 and p<0.0001, respectively). The subcallosal sling showed a 

2.5-fold increase between E17 and E18 and remained somewhat constant to P1. In the indusium 

grisium/cingulate cell group, a sharp, 3-fold, increase in caspase-3 immunoreactivity was 

observed between E17 and E18 followed by a return to baseline one day later. We also observed 

a significant age-by-sex interaction (p<0.05) in this region, due to higher cell death in males than 

in females on E18 and greater cell death in females on E19. Because microglia are suggested to 

play an active role in neuronal cell death, we stained adjacent sections for the microglial marker, 



Iba1. We observed dense concentrations of microglia in the indusium griseum/cingulate cortex 

and subcallosal sling on both E18 and E19. We are currently determining the phenotype of the 

unusual clusters of dying cells, as well as effects of manipulating microglial activity on cell death 

in these regions. 

Disclosures:  M. Mosley: None. C. Shah: None. N. Forger: None. 

 

Poster 

494. Brain Patterning and Cell Death 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 494.03/A27 

Topic: A.01. Brain Patterning 

Support: CONACYT 179234 

 PAPIIT-DGAPA, UNAM IN206213 

Title: Glutathione content modulates the effect of reactive oxygen species produced during 

cerebellar granule neurons development 

Authors: *J. MO RAN, M. OLGUIN 

Natl. Univ. of Mexico, Apdo. Postal 70-253, Mexico 

Abstract: Reactive oxygen species (ROS) have been associated with neuropathologies and 

neurodegenerative diseases, as well as to different physiological processes in the nervous system 

acting as modulators of normal brain function. During development, ROS participate in some 

processes of neuronal differentiation and programmed cell death. In this study we evaluated the 

role of glutathione and the levels of ROS in neuronal development by using a model of cerebellar 

granule neurons (CGN). We cultured CGN from 0 to 8 days in vitro (DIV) under physiologic 

concentrations of KCl (5 mM, K5) or depolarizing concentrations of KCl (25 mM, K25) that is 

believed to mimic the presynaptic trophic action exerted by mossy fibers on the survival and 

maturation of CGN. We found a gradual increase in the levels of ROS during the first 2 DIV, 

which was sustained until 3 DIV under both K5 and K25 conditions. After this time (3 DIV), the 

levels of ROS returned to the basal levels in CGN cultured in K25, but not in K5, where ROS 

levels continued increasing from 3 to 5 DIV. In contrast to K25, and in coincidence with the 

increment of ROS levels observed in K5, the cell viability and the mitochondrial activity 

diminished significantly at 4 and 5 DIV. In addition, the levels of reduced glutathione (GSH) 



increased two fold from 0 to 1 DIV under K5 and K25 conditions, preceding the peak of ROS 

observed at 2 and 3 DIV. These levels of GSH remained high in K25 until 5 DIV, and at 8 DIV 

they returned to the basal levels detected at 0 DIV. In contrast, the levels of GSH diminished 

from 3 to 5 DIV in K5. At 5 DIV, the levels of GSH were 30% higher in K25 than in K5. To 

determine the relevance of the transitory high GSH levels during CGN development, we 

inhibited the synthesis of GSH during different periods of time. When GSH synthesis was 

inhibited during 48 h, the totality of CGN died at 2 DIV, but no cell death occurs when treatment 

is delayed 1 or 2 DIV. This condition was completely reverted by the antioxidant Euk-134. On 

the other hand, when ROS levels were reduced by antioxidants or inhibitors of the ROS-

producing complex NADPH-oxidase, the expression of the proteins MAP2 and TAU were 

reduced at 1 and 2 DIV, but not at 3 DIV. These results suggest that the regulation of ROS could 

influence different events of CGN development. At early times of development, the production 

of ROS, which is highly regulated by the GSH system, seems to be critical for neuronal 

maturation. During a second stage of CGN development, ROS levels reach a low basal state to 

allow cell survival, otherwise this would lead to the activation of the programmed cell death. 
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Abstract: Superoxide dismutases (SODs), including cytosolic and extracellular SODs (SOD1 

and SOD3) and mitochondrial SOD (SOD2), are major antioxidant defense enzymes. 

Inactivation of SOD2 results in neonatal lethality. However, the function of SOD2 in early 

neuronal development is unknown. In the present study we found that deletion of SOD2 reduced 

embryonic brain development. During the first 24 hours in culture, primary cortical neurons 

established from embryonic day 15 wild type (WT) and SOD2-/- mice appeared morphologically 



similar. During the ensuing two days in culture SOD2-/- neurons exhibited a profound reduction 

of neurite outgrowth and subsequently died such that less than 10% of the SOD2-/- neurons 

remained alive at culture day 5. Mitochondrial mass and mitochondrial distributions to neurites 

were significantly reduced and the level of reactive oxygen species was dramatically increased in 

SOD2-/- neurons on culture day 3 compared to WT neurons. Moreover, the expression of the 

mRNAs encoding PGC1alpha, a transcription factor critical for mitochondrial biogenesis, and 

NRF1 and TFAM (two PGC-1alpha[[Unsupported Character - Symbol Font &#61472;]]target 

genes) were significantly reduced. Attempts to rescue SOD2-/- neurons with neurotrophic factors 

(FGF2 and BDNF), antioxidants (N-acetylcysteine, TMP and Tiron), an alternative energy 

substrate (pyruvate) and a mitochondrial membrane permeability pore inhibitor (cyclosporine) 

failed. However, maintenance of the neurons in a reduced oxygen atmosphere (3% O2) abolished 

the adverse effects of SOD2 deficiency on neurite outgrowth and cell survival that occurred in 

the usual 20% O2 atmosphere. Relative to the O2 level neurons are exposed to in vivo (2-5%), the 

20% O2 level typically used for cell cultures is hyperoxic . Our findings therefore suggest that 

SOD2 plays a particularly important role in enabling neurite outgrowth and cell survival under 

conditions where superoxide production is high. Supported by the Intramural Research Program 

of the National Institute on Aging. Key Words: SOD2, neurite outgrowth, mitochondrial 

biogenesis, neuronal death, ROS. 
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Abstract: Anandamide (AEA) is a lipid mediator, which exerts its physiological effects in the 

brain by activating CB1 cannabinoid receptors and the non-selective cation channel TRPV1. 

This endocannabinoid/endovanilloid molecule is also present in the embryonic forebrain and 

emerging evidence indicates that anandamide signaling regulates several fundamental aspects of 

cortical development including proliferation and neuroblast migration. Interestingly, NAPE-

PLD, the enzyme which was proposed to be the predominant anandamide-synthesizing enzyme 

in the brain is not expressed until postnatal ages raising the possibility that anandamide may be 

synthesized via an alternative synthesis route in the developing forebrain. Therefore, in the 

present study, we first tested the hypothesis whether ABHD4, a serine hydrolase involved in the 

metabolism of N-acyl phospholipids, including a potential lipid precursor for anandamide is 

expressed in the embryonic forebrain. We found that ABHD4 mRNA expression is highly 

expressed by radial glial cells (RGCs) in the ventricular zone throughout prenatal development. 

Despite this restricted expression pattern, which was validated in ABHD4 knockout animals, we 

could not detect any defects in processes regulated by RGCs including proliferation, neuroblast 

migration or adult cortical lamination in ABHD4 knockout cortices. On the other hand, the 

disappearance of ABHD4 expression from sister neuroblasts implied that the function of ABHD4 

may interfere with neuroblast migration. Indeed, ectopic expression of wild-type ABHD4, but 

not of a hydrolase-dead ABHD4 mutant in postmitotic neuroblasts arrested migration and 

induced cell death. Importantly, ABHD4-induced cell death did not require CB1 receptors or 

TRPV1 channels indicating that the pro-apoptotic function of ABHD4 is independent of 

endocannabinoid or endovanilloid signaling. Because the absence of ABHD4 alone did not cause 

developmental defects, but ABHD4 needs to be downregulated in the sister neuroblasts, we then 

asked the question whether this serine hydrolase controls a specific cell death process in radial 

glial cells. Notably, in utero disassembly of adherens junctions in the ventricular zone by using a 

dominant-negative version of N-cadherin induced robust cell death in wild-type, but not in 

ABHD knockout embryios. In contrast, basal developmental or genotoxic stress-induced 

apoptosis did not require ABHD4 activity. Taken together, these findings demonstrate that 

ABHD4 plays a specific stand-by guardian function in radial glial cells by controlling adherens-

junction-dependent cell survival during cortical development. 
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Abstract: Developing sympathetic neurons depend on nerve growth factor (NGF) for survival 

and die by apoptosis after NGF withdrawal. This process requires de novo gene expression and 

we used Affymetrix exon arrays to study the pattern of expression of all known genes in 

sympathetic neurons at 16 hours after NGF withdrawal compared to +NGF as a control 

(Kristiansen et al., 2011, BMC Genomics 12: 551). We selected 16 hours because this was 

previously defined as the transcriptional commitment point and induced genes known to be 

required for NGF withdrawal-induced death, e.g. c-jun, bim, egln3, are expressed at a high level 

at this time. By including a mixed lineage kinase (MLK) inhibitor, CEP-11004, in our 

experimental design we identified which of the genes induced after NGF withdrawal are 

potential targets of the MLK-JNK-c-Jun pathway, which promotes apoptosis following NGF 

deprivation. In these microarray experiments we found that the level of the rhoq mRNA 

increased by 2.5 fold after NGF withdrawal and this increase was completely inhibited by CEP-

11004 suggesting that the rhoq gene could be a downstream target of the JNK pathway. The 

rhoq gene encodes a small GTPase (RhoQ, ras homologue family member Q) similar to Cdc42 

and Rac1 but with some distinct properties. The RhoQ protein can activate various effectors 

including protein kinases that activate the JNK pathway and this can increase the 

phosphorylation and transcriptional activity of c-Jun. We confirmed in real time Q-PCR 

experiments that the rhoq mRNA increases in level after NGF withdrawal. Furthermore, in 

immunoblotting and immunocytochemistry experiments we found that NGF withdrawal causes a 

significant increase in the level of the RhoQ protein. To investigate the function of RhoQ in this 

context, we microinjected a pcDNA1-RhoQ expression vector into sympathetic neurons. We 

observed that overexpression of RhoQ in the presence of NGF induces neuronal death as 

efficiently as expression of a constitutively active form of MLK3. Finally, bioinformatic analysis 



of the DNA sequence upstream of the first exon of the rat rhoq gene identified conserved AP-1 

and ATF sites, which are within regions bound by c-Jun in ChIP-seq experiments published by 

the ENCODE project consortium. These results suggest that rhoq could be a direct target of c-

Jun in sympathetic neurons. We are currently studying the role of RhoQ in the NGF withdrawal-

induced death pathway and will present the results of these experiments. 
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Abstract: Methylmercury (MeHg) is a ubiquitous environmental toxin with neurotoxic 

properties. To investigate the impact of MeHg exposure during early nervous system 

development, we exposed Xenopus laevis embryos to MeHg introduced in solution and assayed 

developmental response using a graded phenotype scale. We then evaluated the expression of the 

neural patterning genes Sox2, Delta, and En2, and the cell proliferation marker, PCNA, using in 

situ hybridization (ISH) and whole transcriptome microarray; and labeled patterns of apoptosis 

using TUNEL assay. X. laevis embryos showed a range of embryological disruption in both a 

dose and embryo density dependent manner, including failure of brain development, with a TD50 

of ~0.05 microg/g MeHg and an LD50 of ~0.1 microg/g MeHg at densities of one embryo per ml 

of MeHg solution. Neural patterning genes did not show changes in gene expression even at the 

highest non-lethal doses by either ISH or microarray. In contrast, PCNA expression was 



negatively correlated with MeHg dose at stages past gastrulation, while the amount of stained 

apoptotic cells in epithelial and neural regions was conversely increased. Partek pathway 

analysis on the differentially expressed genes identified by microarray similarly showed a 

significant impact of MeHg exposure on cell cycle and apoptotic pathways. These results suggest 

that disruption of neural development by MeHg may not be directly due to a loss of early neural 

patterning gene transcription, but rather related to impairment of cell proliferation during 

neurogenesis and an increase in cell death throughout the developing nervous system. 
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Abstract: Existing gene expression atlases of the developing human brain have focused on 

attaining either fine spatial resolution at few timepoints or broader temporal resolution at low 

spatial resolution, largely due to tissue limitations. Non-human primates make ideal model 

systems for studying human brain development due to their close evolutionary proximity to 

humans, protracted development and maturation, and availability of multiple specimens from 

precisely specified ages. We present here a transcriptional atlas of the developing rhesus 

macaque brain that provides both high spatial and temporal resolution by using laser 



microdissection and DNA microarray-based profiling across ten prenatal and postnatal 

timepoints, providing a window into understanding the role of genes associated with primate 

brain development, human evolution and neurodevelopmental diseases. A major focus was to 

probe the molecular underpinnings of events in cortical development, including progenitor and 

post-mitotic excitatory neuron development, thalamocortical projection specificity, and 

GABAergic neuron development by selectively assaying layers of several cortical areas 

(including V1) and associated subcortical structures including the dLGN and ganglionic 

eminences. Six prenatal time points correspond with ages of peak neurogenesis for different 

layers in V1, and four postnatal time points correspond to key phases of postnatal development: 

infancy, childhood, adolescence and early adulthood. We find extensive variation between 

cortical layers and across developmental stages, as well as evidence of a global transcriptional 

ñclock,ò involving dramatic rates of gene expression change in all assayed regions throughout 

prenatal and early postnatal development. Interestingly, these rates were consistently 2 to 3-fold 

higher in macaque, mirroring the more rapid developmental trajectory compared to humans. We 

find a great deal of conservation of laminar and areal patterns between human and macaque, 

substantiating its value for studying the molecular basis of human cortical development. Finally, 

we used the anatomical specificity of connections between dLGN and layer 4Cb of V1 to search 

for genes that may mediate this connectivity, and find shared selective expression in 

parvocellular layers of dLGN and L4Cb of V1. Several of these genes (LRRTM1, EPHA3, 

CNTN5) have a known role in axon guidance and cell adhesion and may contribute to the target 

specificity of thalamocortical afferents in V1. This dataset is publicly accessible as part of the 

NIH Blueprint NHP Atlas at www.blueprintnhpatlas.org. 
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Abstract: Forebrain development is controlled by a set of transcription factors which are 

expressed in dynamic spatiotemporal patterns in the embryonic forebrain and are known to 

regulate complex gene networks. Pax6 is a transcription factor that regulates corticogenesis and 

mutations affecting Pax6 protein levels cause neurodevelopmental defects in eyes and forebrain 

in both humans and mice. In previous studies, it is shown that the graded expression pattern of 

Pax6 protein, which is high rostro-laterally to low caudo-medially in the cerebral cortex, is 

critical for its control of cell cycle progression and proliferation of cortical progenitors. However 

the underlying mechanisms are still unclear. Based on a microarray analysis, we identified a 

number of cell cycle-related candidate genes that may be affected by Pax6. One such gene, Cell 

division cycle associated 7 (Cdca7) is expressed in a counter-gradient against that of Pax6. In 

addition, Cdca7 mRNA expressions is upregulated in Pax6 null (Small eye) mutants and 

downregulated in mice that overexpress PAX6 (PAX77). There are several potential Pax6 

binding motifs close to Cdca7 gene. One of them is proven to be physically bound by Pax6 in 

vivo by chromatin immunoprecipitation. Promoter luciferase assays using fragments combining 

four suspect binding motifs show that Pax6 is functionally critical. Cdca7 is a Myc and 

E2F1direct target and is upregulated in some tumours but its biological role is not fully 

understood. Current work using in utero electroporation to overexpress Cdca7 around the pallial-

subpallial boundary (PSPB), where Cdca7 expression levels are normally lowest, to test the 

effects on the cell cycle of cortical progenitor cells in this region. 
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Abstract: Regionalization of the forebrain is complex and highly dynamic event during the 

development. Since some of the processes are conserved among different vertebrate groups, 

notably at the developmental time point referred to as the ñphylotypic stageò, we took advantage 

of zebrafish embryos to examine in 3D the secondary prosencephalon at 24, 30, and 48 hours 

post-fertilization. We systematically analyzed the i) localization of cells undergoing proliferation 

and differentiation and ii) expression of developmental genes, in relation to the ventricular 

organization. Based on the general distribution of DAPI staining in link with ventricular 

morphology, three distinct cellular masses were identified: ones containing future telencephalon, 

preoptic area, and hypothalamus. These regions were bordered by radial glia (GFAP+) and nerve 

fibers (acetylated tubulin+). The preoptic area was organized around the optic recess of the third 

ventricle, and the expression of ccna2 (marker of proliferating cells) and elavl3 (marker of 

differentiating cells) transcripts, and HuC/D protein (marker of differentiated cells) were 

organized in a centrifugal manner around the optic recess. A proneural gene neurogenin 1, 

transcription factors such as dlx2a and sim1a/otpb were also symmetrically expressed around the 

optic recess. These results suggest that the region containing the zebrafish preoptic area behaves 

as a morphogenetic unit, independent from the telencephalon and hypothalamus. We named this 

new morphogenetic unit the "ventral optic recess region" (vORR), as it is organized around the 

ventral part of the optic recess. Our results lead to reconsider the boundary of the telencephalon 

and the hypothalamus within the framework of the prosomeric model, and we propose possible 

homologous areas of the vORR between teleosts and tetrapods. 
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Abstract: Sonic hedgehog (Shh) signalling plays a crucial role in the development of the 

mammalian nervous system regulating ventral patterning, proliferation, differentiation and 

survival of progenitor cells along the entire neuraxis. The expression pattern of Shh in the rodent 

ventral telencephalon and its role in the specification of GABAergic interneurons has been 

thoroughly characterized. Still, little is known about the expression and function of this 

morphogen in the human forebrain. Here, we provide, for the first time, a detailed description of 

the Shh expression pattern in the developing human brain, focusing in the dorsal (cortical) part of 

the telencephalon, using in situ hybridization. Furthermore, we identify the cells producing Shh 

to be projection and inhibitory neurons as well as neuronal progenitors such as Radial Glial Cells 

(RGCs), using a combination of in situ hybridization and cell-type specific immunostaining. 

Next, we determined Shh concentration in the human fetal brain and compared the levels of Shh 

between ventral and dorsal telencephalon. Finally, to reveal the role of Shh signalling in the 

developing human cerebral cortex, we treated enriched cortical RGCs in vitro with exogenous 

Shh and its inhibitor cyclopamine. Control dorsal RGCs generated cortical interneuron 

progenitors expressing Nkx2.1 and Lhx6, and calretinin-positive (CalR+) cells, the only 

GABAergic neurons present in RGC cultures at this developmental stage. Treatment of dorsal 

RGC cultures with exogenous Shh, increased the pool of Nkx2.1+ progenitors, decreased levels 

of Lhx6 expression, and suppressed the generation of CalR+ cells. On the other hand, the 

blockade of endogenous Shh signalling by cyclopamine led to an increase in number of CalR+ 

cells in dorsal RGCs cultures, but did not affect Nkx2.1 expression. These results support the 

idea that in human forebrain Shh plays an important role in specification of cortical interneuron 

progenitors generated from dorsal RGCs. 
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Abstract: Serotonin (5-HT) is a monoamine neurotransmitter fundamentally important for brain 

development, and recent studies have indicated the placenta, not the maternal blood or the fetal 

brain itself, is the source of 5-HT to the fetus in early development. Lower circulating levels of 

serotonin are associated with a variety of clinical psychopathologies including anxiety and 

depression. However, it is unclear how decreased circulating levels of 5-HT (hyposerotonemia) 

in mothers with such pathologies might affect placental levels of 5-HT and other biogenic amine 

signaling, or fetal brain development. Using a genetic mouse model for hyposerotonemia, 

B6.129(Cg)-Slc6a
4tm1Kpl

/J serotonin transporter knockout (SERT-KO) mice were bred 

heterozygous (HET) by HET to generate wildtype (WT), HET, and knockout (KO) experimental 

genotypes. Females of each genotype were bred with HET males, and tissue was harvested at 

four different timepoints during embryonic development (E12.5, E14.5, E16.5, E18.5) as part of 

ongoing studies. High performance liquid chromatography (HPLC) analysis of forebrain, 

hindbrain, and placenta samples has measured concentrations of 11 biogenic amines, their 

precursors and metabolites in tissues. Thirty-three significant differences have been detected in 

biogenic amine levels when comparing maternal and fetal genotype combinations, indicating that 

SERT deletion has widespread effects on multiple neurotransmitter functions. Fetal brain tissue 



from KO mothers had higher levels of both noradrenaline (NA) and 5-HIAA (main serotonin 

metabolite) than fetal brain tissue from HET mothers in a region specific manner. Increases in 

NA levels and higher concentrations of 5-HIAA, which indicates increased turnover rate of 

serotonin, are both associated with psychopathologies such as anxiety and depression. Placental 

tissues also showed marked decreases in 5-HT, NA, and 5-HTP in KO mothers as compared to 

HET mothers, regardless of fetal genotype, indicating a critical role for maternal availability of 

serotonin. Finding multiple differences in concentrations of biogenic amines due to 5-HT 

availability warrants further research regarding the effects of maternal 5-HT on placental 

physiology and fetal brain development. 
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Abstract: Early Born GABA neurons (EBGNs) are major components of the hippocampal 

circuit since at early postnatal stages they form a subpopulation of ñhub neuronsò transiently 

supporting CA3 network synchronization (Picardo et al., Neuron, 2011). One way to understand 



the cellular mechanisms by which EBGNs coordinate neuronal activities as well as their 

developmental role is to examine the evolution of their connectome throughout life from the 

early perinatal period to adulthood. To this aim we have performed a thorough anatomical 

investigation of EBGNs labelled with EGFP/TdTomato using inducible genetic fate-mapping 

techniques. Postnatal day 3 appears to be a critical time point for the maturation of these cells, 

which coincides with the emergence of the first synapse-driven correlated activities within 

hippocampus. Indeed, we observed a spectacular development of the dendritic and axonal 

arborisation of EBGNs at P3, together with a higher expression of KCC2 at the membrane, 

further supporting their advanced maturation stage. EBGNs persist into adulthood. Locally, 

hippocampal EBGNs target principally dendrites of principal cells. Most importantly, 

hippocampal EBGNs include a significant proportion of cells with an extrahippocampal 

GABAergic projection to the septum but no other extrahippocampal target regions. Notably, half 

of the EBGNs from the dorsal CA1 at the rostral level project to the septum. Conversely, a 

quarter of EBGNs were targeted by septal afferents, as well as by inputs from the entorhinal 

cortex. Last, we found that some EBGNs outside from the hippocampus, like in the septum or 

the entorhinal cortex also displayed a long-range projection, this time to the hippocampus. We 

propose that a subpopulation of EBGNs develop into a network of GABAergic projection 

neurons in many brain areas, thus making them lifelong candidates to support information flow 

across distant structures 
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Abstract: The paralog genes Lhx2 and Lhx9 are expressed in specific and comparable patterns 

in the forebrain of different vertebrates. Studies in mouse and zebrafish showed that Lhx2 

regulates forebrain development at multiple levels, including patterning, cell differentiation and 

proliferation, and axonal guidance (Porter et al., 1997; Seth et al., 2006; Saha et al., 2007; Zhao 

et al., 2010; Peukert et al., 2011). Lhx2 has been shown to be essential for the development of 

the neurohypophysis, the retina, and the telencephalon (Porter et al., 1997; Zhao et al., 2010). In 

the telencephalon of Lhx2-/- mice, there is agenesis of the hippocampal formation and severe 

malformation of the neocortex (Porter et al., 1997). In zebrafish, additional roles have been 

described for Lhx2 in the formation of the preoptic/commissural region (Seh et al., 2006), and 

for both Lhx2 and Lhx9 in the formation of the thalamus (Peukert et al., 2011). The roles of 

Lhx2 and/or Lhx9 in the thalamus, or Lhx2 in the preoptic region remain unexplored in mouse. 

We analyzed the role of both Lhx2 and Lhx9 in forebrain development by studying the mRNA 

expression of several developmental regulatory genes in the embryonic forebrain of Lhx2-/-, 

Lhx2-/-/Lhx9+/- and Lhx2-/-/Lhx9-/- mice. Our results show an enlargement of the ventrolateral 

pallium in the Lhx2-/- mouse, visualized with Dbx1, Tbr1, Lhx9 and Lmo3, accompanied by 

displacements of the boundaries separating this region from the subpallium or the dorsal pallium. 

We observed a distinct calretinin-immunolabeled area at the surface of the ventrolateral pallium, 

extending dorsally. This labelling does not include olfactory fibers (Saha et al, 2007), but 

possibly represents cells incoming from the enlarged prethalamic eminence. At the preoptic 

region, the anterior commissure was not formed. In the diencephalon of Lhx2-/- mice, the 

thalamic size was smaller compared to adjacent regions, although this region showed expression 

of Lef1. However, the thalamus was more severely affected in the absence of both Lhx2 and 

Lhx9, and showed no expression of Lef1 or Id4. The defect was accompanied of a ventricular 

enlargement. The malformation was more severe in the Lhx2-/-/Lhx9-/- than in Lhx2-/-/Lhx9+/-, 

suggesting a dose-dependent effect of Lhx9 in the formation of the thalamus. 
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Abstract: The regulation of gene expression resulting in the formation of the mammalian 

cerebral cortex is tightly regulated by a group of transcription factors. The deletion of any one of 

these transcription factors results in numerous defects whose nature and severity depends on the 

role of the transcription factor in the regulation of complex gene regulatory networks involved in 

development. There is currently relatively little knowledge about the gene networks that these 

transcription factors control and how they exert their regulatory effects. The paired-box 

transcription factor Pax6 has been identified as a master regulator of gene networks involved in 

cortical development and its deletion results in numerous cortical defects such as an abnormally 

thin cortical plate and a vastly expanded proliferative zone. Previous work in our lab identified a 

list of candidate genes that are likely to be regulated by Pax6 in the developing cortex. Members 

of the Notch signalling pathway were potential Pax6 targets of particular interest since Notch 

signalling plays a crucial role in the maintenance of neural progenitor cells during development 

and consequently plays a critical role during corticogenesis. Our work aims to identify the 

regulatory relationship between Pax6 and Notch ligands Dll1 and Jag1 during cortical 

development. Double label analysis of both gene and protein expression has provided insight into 

the relationship between Pax6 and Dll1 in progenitor cell subpopulations during cortical 

development. In situ hybridisation and qPCR results confirmed that loss of Pax6 causes loss of 

Dll1 expressing cells and downregulation of Jag1, indicating that both ligands are regulated by 

Pax6. Bioinformatic screening suggests that Jag1 is a likely candidate to be a direct target of 

Pax6. Ongoing work aims to confirm Jag1 as a direct target by visualisation of reporter gene 

expression produced by predicted enhancer elements driven by Pax6. 
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Abstract: The embryonic period sets the framework and pace for the subsequent patterning, 

proliferation and differentiation events of the cortex. The human insular lobe, thought to be 

important for sociocognitive processing, displays three main cytoarchitectonic divisions ranging 

from a ventral and rostral agranular neocortex (periallocortex), adjacent to the piriform cortex, to 

a dorsal and caudal granular neocortex, with transitional dysgranular areas in between. We study 

insula development in human embryos from Carnegie stage (CS) 16 (5.5 postconceptional 

weeks, PCW) to CS23 (8.5 PCW), and young fetuses (9-16PCW). CS17 marks the onset of the 

first, ventrally directed migration of Tbr1+ cells from the lateral edge of the pallial-subpallial 

boundary (PSB) toward piriform cortex and amygdala. In parallel, calretinin (CR) + interneurons 

migrate ventrally from the lateral ganglionic eminence (LGE). Both migrations form part of the 

lateral cortical stream (LCS). The LCS becomes more prominent in the following stages (CS 18-

21) and contributes large numbers of Tbr1+ and CR+ cells to the prospective rostral insula, 

which is thus the earliest neocortical area to develop. At CS18, a subventricular zone (SVZ) 

appears in the cortex adjacent to the PSP, though not yet in dorsal and medial regions. Radial 

glia fibers guide the migration of the LCS toward the rostral insula. At CS 22/23, fibers of the 

internal capsule traverse LCS and PSB and enter the cortical intermediate zone. As the temporal 

horn of the lateral ventricle expands at 11/12 PCW, the PSB at the ventral ganglionic eminence 

gives rise to an ascending LCS which provides cells for the caudal insula, guided by radial glia 

from the PSB of the temporal lobe. Dorsal and ventral ganglionic eminences are connected by 

radial glia bridges which may serve as a substrate for neurons migrating in the LCR toward the 

prospective intermediate, dysgranular insula. At the posterior pole of the ganglionic eminences, 

the PSB is characterized by a highly developed SVZ, from where radial glia fibers direct 

migratory Tbr1/Tbr2+ neurons toward the caudal granular insula. We conclude that the agranular 

insula is the first neocortical region to develop; dysgranular and granular insular areas develop 

according to the progression of the ventricular system and the LCS, in concert with parietal and 

temporal areas. The agranular/dysgranular/granular character of the insula may be related to its 

proximity to the SVZ, with the dorsocaudal granular insula being closest to the highly developed 

SVZ of the parietal PSB. 
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Abstract: We tested the role of canonical Wnt signaling in hypothalamic and prethalamic 

patterning through loss and gain of function experiments using the canonical Wnt effector beta-

catenin. We selectively eliminated beta-catenin from the hypothalamus using an Nkx2.1-Cre 

line, which we have previously shown to be active in posterioventral hypothalamus beginning at 

E9.5. We examined Nkx2.1-Cre; beta-cateninlox/lox embryos at E12.5 using in situ 

hybridization. With loss of beta-catenin, posterior structures were lost or reduced, and anterior 

structures were expanded. Gain of function studies using Shh-Cre; ɓcat(ex3)lox/+ showed a 

complementary phenotype, in which posterior hypothalamic structures were expanded at the 

expense of anterior structures. We next used the Foxd1-Cre line, which is expressed earlier in 

development throughout both the prethalamus and hypothalamus, to investigate the effects of 

gain and loss of function of beta-catenin. We found that Foxd1-Cre; ɓcat(ex3)lox/l+ mice lost 

expression of most, but not all, hypothalamic and prethalamic markers. However, some posterior 

hypothalamic markers such as Pitx2 and Lhx5 showed expanded domains of expression. These 

data suggest that canonical Wnt signaling is coordinately patterning both the hypothalamus and 

prethalamus. 
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Abstract: Heparan sulfate proteoglycans (HSPGs) are cell surface/secreted molecules expressed 

by all cells consisting of linear carbohydrate side-chains attached to a core protein. HSPGs are 

involved in regulating key signalling pathways in the developing mammalian brain via sugar-

protein interactions. It has been hypothesised that the specificity for the interaction between the 

HSPGs and its particular signalling pathway is encoded by its heparan sulfate (HS) side-chain. 

HS has a variety of structures due to postsynthetic modification during its biosynthesis. Hs2st 

and Hs6st1 are two enzymes involved in generating various HS structures where the former 

catalyses the specific sulfation at the 2-carbon molecule of the sugar backbone while the latter 

catalyses the sulfation of the 6-carbon. Hs2st and Hs6st1 have been shown to be important for 

mouse forebrain development but interestingly, Hs2st and Hs6st1 each play a different role. 

Hs6st1 play a unique role in Fgf8 signalling while Hs2st does not providing support for the 

existence of a HS code. Fgf8 is a secreted morphogen crucial for forebrain development where it 

functions to pattern the forebrain via regulated gradient formation. Fgf8 protein levels and the 

interpretation of the Fgf8 protein gradient are important for Fgf8 signalling. HS has been 

previously shown to be involved in these processes however, the role differential sulfation plays 

in these processes and particularly, the molecular mechanism(s) behind this has not been clearly 

resolved. Fgf8 signalling has been widely studied and its signalling mechanism well 

characterised. Yet, the conventional model of its signalling mechanism could not fully explain 

the observations preliminary to this work where Hs6st1 mutants have disrupted Fgf8 distribution, 

presenting a gap in our current understand of Fgf8 signalling. To begin filling this gap, we test 

our hypothesis that differential HS sulfation is involved in Fgf8 signalling regulation. Here, we 

used a combined in vivo and in vitro approach to investigate the formation of Fgf8 gradient over 

time. Comparing these data between wild-type and Hs2st or Hs6st1 mutants reveals differences 

that indicate differential HS sulfation is important in the formation of Fgf8 gradient in the 

forebrain. Furthermore, the data revealed several key aspects of how differential sulfation is 



affecting Fgf8 gradient interpretation. This provides us with further insight into the role of HS in 

the complex but precise regulation of mouse forebrain development. 
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Abstract: The LIM homeodomain transcription factor, Islet1, is expressed in the ventral division 

of the lateral ganglionic eminence (vLGE) and is known to generate medium spiny neurons of 

striatum. It remains controversial whether or not Islet1-derived cells of the vLGE contribute to 

neocortical interneuron subtypes, which would indicate a larger unidentified role of Islet1 in 

forebrain development. Since Islet1 expression is mostly down-regulated in the postnatal brain, 

we used a Cre/loxP knock-in mouse line whereby the Islet1 gene locus drives expression of Cre 

recombinase crossed with a floxed R26-stop-CAG-tdTomato-WPRE mutant mouse line to trace 

the lineage of the Islet1-derived population. Results showed that at E11.5, tdTomato+ cells were 

localized to the LGE, yet three days later (E14.5) these DCX+ cells had tangentially migrated to 

the neocortex. Birth-dating with a S-phase marker showed many tdTomato+/EdU+ cells pulse 

labeled at E14.5. Co-staining with the MGE and CGE markers, Nkx-2.1 and CoupTF-II, 

respectively, showed that tdTomato+ cells did not overlap with these cortical interneuron 

progenitor pools. E14.5 isochronic transplantation of tdTomato+ microdissected tissue onto 



littermate control organotypic slices showed that only LGE to LGE transplant resulted in cortical 

migration. In contrast, tdTomato+ cells isolated from the preoptic area only migrated locally in 

the basal ganglia. Lastly, phenotyping at P0 revealed labeled cells were present in olfactory bulb 

and at distinct locations from the known dLGE-derived ER81 interneuron pool. At P21 in the 

neocortex, tdTomato+ cells spanned layers II through VI and represented 18±1% of the larger 

GAD67+ population. A combination of neurochemical markers and electrophysiology 

determined that tdTomato+ cells were heterogeneous with fast spiking, regular spiking and 

rebound spiking cells within the population. Together, our data supports a model of the presence 

of a distinct Islet1+ progenitor population contributing to cortical interneuron diversity. 
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Abstract: The complex neuronal circuitry of the cerebellum is embedded within its lamina and 

folia, which together play an important role in sensory and motor function. Studies in mouse 

models demonstrate that cerebellar lamination and folia development are under genetic control. 

The cerebellar vermis of C57BL/6 mice exhibit normal variation in the organization of anterior 

folia (lobules I-V) as well as malformations of neuronal migration of posterior folia (lobules VIII 

and IX; molecular layer heterotopia). However, the relationship between naturally-occurring 

variations in foliation and the presence of heterotopia has not been directly examined. In the 

present report, we analyze the frequency with which folia variation and heterotopia occur, and 

demonstrate that folia variation is more commonly found to coincide with heterotopia than alone. 

These data are relevant toward understanding normal cerebellar development and disorders 

affecting cerebellar foliation and lamination. 
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Abstract: MET, the gene encoding the tyrosine kinase receptor for hepatocyte growth 

factor/scatter factor (HGF/SF), has been identified as a susceptibility locus for autism spectrum 

disorders (ASD). Both Met and HGF are expressed in the cerebral cortex during development, 

and HGF-Met signaling has been implicated in a number of cellular processes, including 

proliferation, migration, survival, and process formation. Alterations in HGF-Met signaling may 

therefore affect cortical development, potentially leading to neuroanatomical changes such as 

those thought to play a role in neurodevelopmental disorders such as ASD. We have previously 

found an expansion of the cortex at rostral levels in transgenic mice expressing a kinase-dead 

Met in the Emx1 lineage. We have also found altered cortical lamination at the level of the 

somatosensory barrel fields. The embryonic loss of Met-signaling led to a permanent expansion 

of frontal cortical areas and increased white matter. We examined layer-specific marker 

expression in frontal cortex to determine if lamination was altered. To determine if the changes 

in cortical laminar structure could be due to changes the timing of neurogenesis, we also 

examined BrdU incorporation after a series of injections during early, middle, and late cortical 

neurogenesis. Our results suggest that prenatally impaired Met signaling alters neuronal 

generation and specification in a regionally-specific manner. 
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Abstract: The hypothalamus integrates information to coordinate the output of innate behaviors. 

However, the developmental programs for the generation of neural circuitry regulating these 

behaviors remains unknown. Here, we reveal that the homeodomain gene, Dbx1, is required for 

development of select subsets of hypothalamic neurons and innate behaviors. Despite widespread 

expression throughout the embryonic hypothalamic primordium, Dbx1 selectively functions in 

the specification of subgroups of neuronal populations within the feeding-associated arcuate and 

lateral hypothalamic nuclei. Consistent with this selective developmental role, Dbx1 

hypothalamic-specific conditional knockout mice display sexually dimorphic alterations in 

energy homeostasis, without displaying defects in other hypothalamically regulated innate 

behaviors such as mating or conspecific aggression. Surprisingly, Dbx1-conditional knockout 

mice also have defects in innate fear responses. Thus, our findings link embryonic patterning to 

the emergence of subsets of motivational and aversive behaviors and suggest a common 

developmental genetic mechanism for specification of subsets of functionally related 

hypothalamic neurons. 
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Abstract: The mammalian cerebral cortex is subdivided into several tangential domains called 

functional areas, which are deputed to the elaboration of motor and sensory inputs, the selection 

and implementation of motor plans, and many other higher cognitive functions. Each functional 

area is constituted by six layers of projection glutamatergic neurons (PNs) with different 

morphologies, connectivity and molecular codes. Several transcription factors specifying 

different subclasses of neurons, such as callosal neurons (CPN, which target the contralateral 

neocortical hemisphere) and subcerebral projection neurons (SCPN, e.g. corticopontine and 



corticospinal neurons) have been identified so far [1]. However, little is known about the 

mechanisms specifying their features in a time- and areal-specific manner. In this study, we show 

that a population of cells co-expressing molecular markers of CPN and SCPN neurons, such as 

Ctip2 and Satb2 (C/S+), becomes first specified in layers V and VI of rostro-medial mouse 

neocortex at perinatal stages and progressively increases between P0 and P21 in somatosensory 

areas. Since it was shown that Satb2 strongly inhibits the expression of Ctip2 [2, 3], we 

investigated the molecular mechanisms allowing their co-expression at different developmental 

stages and in different neocortical areas. Moreover, by the use of a transgenic line expressing 

GFP in layer V neurons and of vital dyes, we analysed morphology, connectivity and 

electrophysiological activity of this hybrid class of neurons at postnatal stages of development. 

Our study demonstrates that the co-expression of CPN and SCPN neuronal markers does not 

only characterize early phases of neuronal specification [1], but also defines a neuronal 

subpopulation with different areal-specific features and developmental timing in the mammalian 

neocortex. 1. Greig, L.C., et al., Molecular logic of neocortical projection neuron specification, 

development and diversity. Nat Rev Neurosci, 2013. 14(11): p. 755-69. 2. Alcamo, E.A., et al., 

Satb2 regulates callosal projection neuron identity in the developing cerebral cortex. Neuron, 

2008. 57(3): p. 364-77. 3. Britanova, O., et al., Satb2 is a postmitotic determinant for upper-layer 

neuron specification in the neocortex. Neuron, 2008. 57(3): p. 378-92. 
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Abstract: Heparan sulfate proteoglycans (HSPGs) are a family of molecules involved in 

regulating key signalling events required for normal mammalian brain development. It is thought 

that specificity of HSPGs for particular signalling processes is encoded by the heparan sulfate 

(HS) sugar side chains, which can be modified post-synthetically to yield huge variation in HS 

structure. Different sulfation patterns are generated by the action of enzymes such as the heparan 

sulfate sulfotransferases (HSTs) and sulfatases. Depending on the expression of these enzymes 

and the resulting heparan sulfate ócodeô, it is proposed that cells are then able to regulate signals 

they receive and send in the ligand rich extracellular environment of the developing forebrain. 

Following loss of the two HSTs Hs6st1 or Hs2st that add sulphate groups to specific positions on 

residues of the HS side chains, commissural tracts including the corpus callosum fail to develop 

normally during late mouse embryogenesis. The telencephalic midline environment is perturbed, 

with a striking mis-positioning of glial cell populations that normally act to guide axons towards 

the contralateral hemisphere. One hypothesis to explain this acallosal phenotype is a change in 

critical cell populations and processes at a time when the correct midline environment is being 

established, that may be identified by changes in gene expression. Given the function of HS 

these changes might correlate with alterations in signalling such as an increase in Fgf/ERK that 

has already been found. We performed RNA sequencing analysis on dissected midline regions of 

WT, Hs2st-/- and Hs6st1-/- mouse embryos at E16.5 and have identified lists of differentially 

expressed genes. We find changes in gene expression in cell populations that are known to be 

important for corpus callosum development, including callosal pioneer axons and the disrupted 

glial cells observed in HST-null embryos. By comparing the expression of these genes between 

WT and mutant embryos, we are gaining an insight into the underlying mechanisms of HS 

function. 
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Abstract: The mammalian thalamus is an important brain region that transfers sensory 

information to the cerebral cortex. The thalamus is located in the diencephalon and contains 

dozens of morphologically and functionally distinct thalamic nuclei. Although the thalamic 

primodium differentiates into these distinct nuclei during development, the mechanisms 

underlying the formation of thalamic nuclei are still unclear. Here, we searched for candidate 

molecules that could mediate thalamic pattern formation using the Allen brain atlas. We focused 

on transcription factors expressed in the thalamic primodium with a graded expression pattern. 

We found that the expression of Foxp2 was low in the anterior thalamus and high in the posterior 

thalamus at embryonic day 11 when the identities of the thalamic nuclei are about to be 

distinguished. Loss-of-function studies revealed that antero-medial thalamic nuclei expanded, 

whereas postero-lateral thalamic nuclei shrank in Foxp2-mutant mice. Furthermore, using in 

utero electroporation, we found that Fgf8 signaling, which is thought to be important for 

thalamic pattern formation, suppressed Foxp2 expression in the thalamic primoidum. Our results 

suggest that Foxp2 is important for establishing the identities of thalamic nuclei. 
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Abstract: In the developing nervous system, Eph receptor tyrosine kinases and their ephrin 

ligands regulate cellular interactions necessary to establish proper connections between brain 

regions, including neuronal migration, cell sorting, and axon guidance. However, the structural 

implications and correlated behaviors for which these molecules are responsible are less well 

known. For example, EphA7 receptors are reported to interact with ephrin-A5 ligands to regulate 

the topographic organization of thalamocortical and corticothalamic connections as well as the 

size of the somatosensory ñbarrelò cortex. In addition, neurons expressing EphA7 form a unique 

matrisome compartment within the striatum that exhibits a banded pattern. This distribution of 

EphA7+ matrisome neurons inversely correlates with the topographic organization of 

somatosensory inputs from ephrin-A5 expressing neurons in medial somatosensory (S1) cortex. 

However, it is currently unknown whether expression of EphA7 is essential for this organization 

of cortical afferents and whether EphA7 deletions result in behavioral abnormalities that are 

associated with corticostriatal functions. To address these questions, we evaluated anatomical 

changes within the striatum and identified behavioral abnormalities that occurred in EphA7-/- 

mice. Ephrin-A5 ligand binding histochemistry was used to evaluate changes in neuronal 

organization and axonal connections in the forebrain in the absence of EphA7 in 1-2 week 

postnatal mice (a time when EphA receptors are expressed at high levels in the forebrain). In 

EphA7-/- mice, there is a change from the normal striatal matrisome binding pattern observed in 

wild-type mice to a dispersed binding that extends across the entire striatal matrix compartment. 

Since all matrix neurons express EphA4, this suggests that EphA4 may function as a secondary 

binding partner for ephrin-A5 in the absence of EphA7. In addition, we observed that the pattern 

of ephrin-A5 binding is altered in the cortex, hippocampus and amygdala in EphA7-/- mice. 

Behavioral analysis of adult EphA7-/- mice indicates they exhibit motor impairments including 

hyperactivity and decreased coordination; diminished anxiety phenotypes in both elevated-plus 

maze and open field tests; and impaired contextual and cued fear conditioning. Taken together, 

these results support a developmental role for EphA7 in organizing striatal, limbic, and cortical 

structures and connections involved in regulating important cognitive and motor behaviors. 
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Abstract: During primary neurogenesis, the establishment of a balance between the proliferation 

of neural progenitor cells and the differentiation of neurons is crucial for the formation of a 

properly functioning nervous system. One of the pathways implicated in regulating this balance 

is the Notch pathway, a juxtacrine cell-signaling pathway that initiates the shift from a neural 

progenitor fate to a differentiated neuron through lateral inhibition. In order to determine the role 

of Notch signaling in neurotransmitter fate specification in Xenopus laevis, we unilaterally 

injected RNA constructs that overexpress or inactivate Notch signaling at the two cell stage. 

While these perturbations showed profound effects on the expression of neuronal gene markers 

at neural plate and neural tube stages of development on the injected side, expression of various 

neural marker genes equalized by the swimming tadpole stage, suggesting a compensatory 

response. To determine the molecular mechanism through which this compensation occurs 

during development, we performed microarray analysis as well as examining the expression 

patterns of early and late genes in the neural determination pathway. Our results suggest that the 

compensatory response involves both apoptosis to remove an excess of progenitor cells and a re-

calibration of cell cycle dynamics, as well as modified regulation of genes involved in neuronal 

stabilization and determination. 

Disclosures:  C. Tocheny: None. B. Rabe: None. T. Aralere:  None. J. Hines: None. M. Saha: 

None. M. McDonough: None. 

 

Poster 

495. Proliferation: Self-Renewal and Cell Cycle 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 495.02/A52 



Topic: A.02. Neurogenesis and Gliogenesis 

Support: Consolider- Ingenio fellowship 2010 

 Spanish Ministry of Economy and Competitivity (BFU2012-33473, CSD2007-00023) 

 European Research Council (ERC StG309633) 

Title: Independent lineages of cortical progenitor cells established by founder cell seeding 

Authors: M. MARTÍNEZ -MARTÍNEZ
1
, A. CÁRDENAS

1
, C. DE JUAN ROMERO

1
, M. 

GÖTZ
2
, *V. BORRELL

1
 

1
Inst. Neuroci Alicante, CSIC & Univ. Miguel Hernandez, San Juan de Alicante, Spain; 

2
Helmholtz Zentrum München, Neuherberg, Germany 

Abstract: In the developing cerebral cortex the fibers of Radial Glia cells (RGCs) serve as guide 

and substrate for radially migrating neurons. In gyrencephalic species, like human and ferret, 

radial migration proceeds following the highly divergent trajectories of RG fibers, an 

arrangement that allows the expansion of the cerebral cortex in surface area and the formation of 

folds. This depends on the massive generation of basal Radial Glia Cells (bRGCs), particularly in 

the outer subventricular zone (OSVZ). Here we have investigated which are the cellular 

mechanisms involved in the generation of bRGCs in the developing ferret cortex. We find that at 

early postnatal stages bRGCs in the OSVZ are not produced by apical RGCs in the VZ (aRGCs), 

but only by self-amplification within the OSVZ. Unexpectedly, we find that this is completely 

different at embryonic stages, when aRGCs in the VZ undergo a brief period of massive 

generation of bRGC for both ISVZ and OSVZ. Hence, upon seeding the OSVZ with a small 

population of founder bRGCs, these establish a self-amplifying population independent from the 

VZ lineage. We are currently searching for molecules expressed differently in the VZ along 

cortical development that may underlie the transient generation of OSVZ-destined bRGCs. This 

is the first demonstration of the developmental origin of the OSVZ, and we identify for the first 

time the lineage independence between germinal layers within the developing mammalian 

cerebral cortex. 
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Abstract: As in mammals and other vertebrates, decapod crustaceans undergo life-long 

neurogenesis. In crayfish (Procambarus clarkii), the neuronal lineage underlying adult 

neurogenesis has been defined; this lineage is characterized by at least three generations of 

precursors that are spatially separated. The first-generation neuronal precursors are not self-

renewing, but are never depleted; in vitro work has shown that hemocytes, and not other cell 

types, are attracted to and incorporated into the niche (Benton et al 2011). Thus, it has been 

hypothesized that neuronal precursors originate in a source extrinsic to the niche and that this 

source is part of the innate immune system. Adult-born neurons in the olfactory pathway in the 

crayfish brain differentiate by 6 weeks after BrdU labeling; these innervate the accessory and 

olfactory lobes (Sullivan and Beltz, 2005) and express appropriate transmitters (Sullivan et al., 

2007). Labeled cells harvested from the hemolymph of donor crayfish and transferred to 

recipient crayfish become neuronal precursors. These go through the normal lineage events, and 

by 6 weeks after transfer express the transmitters appropriate to their locations in the brain. The 

current project seeks to characterize the morphology of the brain cells in P. clarkii that derive 

from adoptive transfers, by injection of dextran dyes into the accessory and olfactory lobes. 

These dyes retrogradely fill cells projecting to these regions, allowing visualization and 

characterization of the descendants of cells transferred from donor crayfish. 
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Abstract: Freshwater crayfish (Pacifasticus leniusculus, Procambarus clarkii) live for up to 

twenty years and contain distinct hematopoietic tissues that synthesize hemocytes throughout the 

animalôs lifetime. Astakines, crustacean cytokines belonging to the prokineticin family, are 

necessary for the synthesis and release of hemocytes from hematopoietic tissues (Lin et al., 2011, 

J Immunol 186:2073). In vertebrates, prokineticins are involved in diverse functions, including 

circadian regulation, angiogenesis, neuronal development, and adult neurogenesis. The goal of 

the present work is to define the role(s) of astakine 1 (AST1) in adult neurogenesis in the 

decapod crustacean brain. Immunoreactivity for AST1 was localized in the brains of crayfish 

using an antibody raised against the P. leniusculus form of the peptide. Fibers and varicosities 

within the olfactory and accessory lobes and associated interneuronal cell clusters express AST1 

immunoreactivity. In both species, AST1 antibody also labels brain regions involved with 

circadian control. Immunoreactivities for AST1 and serotonin are generally expressed in the 

same synaptic areas in the brain, a finding that may be particularly relevant in the olfactory 

pathway, where adult-born neurons are integrated. The efficacy of recombinant P. leniusculus 

astakine (r-AST1) was tested in P. clarkii by injecting r-AST1 and sampling hemolymph at 

intervals after injection. At 12 hours post-r-AST1 injection, a ~75% increase in circulating 

hemocyte counts was documented. Western blot of P. clarkii AST1 shows that protein levels in 

the brain and hematopoietic tissue vary depending on time of day, with higher levels in the 

morning as previously reported for P. leniusculus (Watthanasurorot et al., 2011, Cell Mol Life 

Sci 68:315). R-AST1 injection also affects adult neurogenesis in the crayfish brain. The neuronal 

precursor lineage in adult crayfish is characterized by at least three generations of precursors that 

are spatially separated. R-AST1 regulates this lineage by increasing the total number of cells in 

the niche, as well as by increasing the numbers of 5-bromo-2'-deoxyuridine (BrdU)-labeled cells 

in all generations of the lineage. These studies demonstrate a close relationship between the 

innate immune system and adult neurogenesis in the crustacean brain. Further studies are 

examining the combined roles of serotonin and AST1 in regulating this link. 
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Abstract: Microglia are the immune cells of the CNS. We have found that in the normally 

developing brain microglia play a critical role in regulating the number of neural precursor cells 

in the fetal neocortex. Microglia first enter the cortex during early stages of forebrain 

development. However, they do not accumulate in significant numbers until the end of the 

neurogenic period, when they colonize the proliferative zones and their number increases 

substantially. How the number of microglia rises substantially is not understood. Since microglia 

specifically colonize proliferative zones we considered whether microglial precursor cells 

preferentially divide in the cortical proliferative zones to produce cortical microglia. 

Alternatively, it is possible that microglial precursor cells divide in peripheral sites to produce 

microglia that enter the cortex. To address these possibilities we examined the proliferative status 

of microglia in the developing rat neocortex from E11 through postnatal ages. To determine 

when and where microglia proliferate, we mapped out the distribution of actively dividing 

microglia in the embryonic rat cerebral cortex. Mitotic microglia were identified based on co-

expression of the M-phase marker phosphohistone-3 (PH-3) and the microglial marker Iba1. The 

laminar distribution of microglia was determined using cytoarchitectonics and Tbr2 expression 

to define proliferative zones. Our results show that microglia arrive in the rat neocortex by E11, 

and their number increases until E19 when the Iba1+ population expands dramatically. We found 

that a steady low proportion of microglia were proliferative in the rat neocortex from embryonic 

through early postnatal ages. Interestingly, the mitotic microglia were not restricted to the 

proliferative zones, but instead were located in laminae across the cortical wall. These data 

suggest that the rapid rise in microglial number at E19 results primarily from increased 

microglial entry into the cortex, not proliferation. Unlike other CNS cell types, we find no 

evidence for specific proliferative zones for microglia. 
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Abstract: Sleep deprivation (SD) is a stressful agent that actual society undergoes, with 

psychological and physio-logical repercussions. In mouse models it has been proven that SD 

affects the development in learning as well as memory tasks and it has been correlated with the 

decrease in the neurogenesis in the dentate gyrus (DG) but it remains unknown if this reduction 

is due to apoptosis and which cell line is the most affected. Most tests are applied immediately 

after SD, but it is unknown if these effects remain over long terms. The aim of this study was to 

analyze the effects of SD over proliferation in the DG at different stages of neurogenesis and 

gliogenesis in adult male mice, and evaluate the apoptosis in the hippocampus. SD was carried 

out in the inverted flowerpot for 72h, a single BrdU injection was applied at hour 70. After this 

time, animals were divided randomly in three groups. The first group was sacrificed 

immediately, and the remaining animals after a recovery period of 14 or 21 days. Neurogenesis 

was evaluated with inmmunohistochemistry (IHC) and apoptosis with a TUNEL test; brains 

were labeled to recognize between hemispheres. Progenitor cells and immature neurons were 

reduced in the SD animals, showing hemisphere differences. Apoptosis results showed no 

significant differences in DG, but there were differences in other hippocampal regions. Our 

results suggest that SD has a deleting effect in the dentate gyrus after 72h SD, affecting more one 

of the hemispheres, but this is not due to apoptosis, and this was persistent after a recovery 

period. 
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Abstract: Discussion of the development and differentiation of inner ear neurons and hair cells 

has centered on the bhlh transcription factors. These factors, while necessary, cannot alone 

account for proper differentiation of these cells. Furthermore, no factor has been described that is 

expressed by outer hair cells (OHCs) and not inner hair cells (IHCs) during early embryonic 

stages of inner ear development. INSM1 is a zinc-finger protein that is expressed throughout the 

developing nervous system in late neuronal progenitors and nascent neurons. In the embryonic 

cortex and olfactory epithelium, Insm1 promotes the transition of progenitors from apical, 

proliferative, and uncommitted to basal, terminally-dividing and neuron producing. In the 

embryonic mouse ear, not only is Insm1 expressed in neuronally committed progenitors and 

nascent neurons, but also in nascent OHCs. Insm1 expression pattern was assessed by in situ 

hybridization and Insm1GFP.Cre expression. Insm1 lineage analysis was conducted with 

Insm1GFP.Cre mouse crossed with reporter mice. Insm1 function was analyzed by comparing 

Insm1+/+ and Insm1-/- embryos. Immunohistochemistry was used to identify delaminating 

progenitors, nascent neurons, cells in mitosis, and cells undergoing apoptosis. In the otocyst, 



delaminating and delaminated progenitors express Insm1, whereas, apically dividing progenitors 

do not. This pattern of expression is analogous to that in embryonic olfactory epithelium and 

cortex (basal/subventricular progenitors). Lineage analysis confirms that nearly all of the 

auditory and vestibular neurons come from cells which have expressed Insm1. In the absence of 

Insm1, spiral and vestibular ganglia have a 40% reduction in neurons, and accordingly the 

ganglia are smaller. To account for the decrease in neurons, we observe delaminated progenitors 

undergoing fewer mitoses, but no change in apoptosis in the progenitors or nascent neurons. We 

conclude that in the embryonic inner ear Insm1 regulates proliferation of delaminated neuronal 

progenitors and hence the production of neurons in the ear, a similar function to that in other 

embryonic neural epithelia. Unexpectedly, also found that nascent, but not mature, OHCs 

express Insm1, whereas IHCs never express Insm1. Thus far, we have not determined any 

abnormalities in the development of OHCs in the absence of Insm1. Insm1 is the earliest known 

gene expressed in OHCs versus IHCs, demonstrating that nascent OHCs initiate a unique 

differentiation program in the embryo, much earlier than previously believed. Furthermore, as a 

transcription factor, INSM1 may be an early regulator of the unique differentiation of OHCs. 
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Abstract: Developmental estrogen treatment enlarges the sexually-dimorphic nucleus of the 

preoptic area (SDN-POA) in male and female weanling rats (He et al., 2012). Because stem cell 

activity at least partially accounts for postweaning SDN-POA development (He et al., 2013), the 

present study determined if neural stem cell activity in the 3rd ventricle stem cell niche (3VSCN, 

rostral end of the 3rd ventricle labeled with nestin-immunoreactivity, He et al., 2013) responds to 

estrogen treatment. Methods: Pregnant Sprague-Dawley rats were gavaged with ethinyl estradiol 

(EE2, 10 µg/kg/day) or vehicle (0.3% carboxymethylcellulose sodium salt) on gestational days 

6-21 followed by gavage of offspring with the same dose from postnatal day (PND) 1 until 

weaning on PND 21. On PND 21, neural stem cell activity in the 3VSCN was assessed in 1 

pup/sex/litter (n=5-7/sex/group). Stem cell markers, including nestin, Ki67, phosphohistone H3 

(PHH3) and doublecortin (DCX), were combined to investigate neural stem cell activity in the 

3VSCN with reference to the caudal 3rd ventricle (within-subject control) and to other well-

accepted neural stem cell niches [i.e., the subventricular zone (SVZ) and subgranular zone 

(SGZ)] as the within-subject positive controls for immunoreactivity. Results: The 3VSCN was 

characterized by reproducible nestin-labeling showing long straight projections perpendicular to 

the ventricular wall along the rostral end of the 3rd ventricle. The 3VSCN scarcely expressed 

DCX, while both the SVZ and SGZ displayed robust DCX expression: the former showing 

immunoreactivity along the ventricular wall and the latter showing the deposit along the base of 

granular layer as well as in the hippocampal hilus. The SVZ exhibited vigorous expression of 

Ki67- and PHH3-positive immunoreactivity, but the 3VSCN displayed only a few Ki67-positive 

and PHH3-positive cells. Nevertheless, Ki67-positive cell counts in the 3VSCN were 2.2 to 5.8 

times that of the caudal 3rd ventricle in PND 21 female and male rats: 2798±565/mm3 vs. 

1254±305/mm3 for females and 4365±1033/mm3 vs. 753±345/mm3 for males, p<0.05, 

respectively. Estrogen treatment increased Ki67-positive cell counts in both sexes in both 

regions: 8992±1880/mm3 vs. 1390±284/mm3 and 8219±2118/mm3 vs. 1322±324/mm3 (3VSCN 

vs. caudal 3rd ventricle, female and male respectively) and was significant for females (p<0.05). 

Conclusion: Developmental estrogen treatment selectively increased proliferative cell counts in 

the 3VSCN of female rats at weaning. Neural stem cell activity in the 3VSCN may be one of the 

driving forces in the postweaning development of the SDN-POA in rats. 
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Abstract: Progranulin is an evolutionarily conserved secreted growth factor well established for 

its role in embryogenesis, tumor development and wound repair. Although much is known about 

progranulin activity in non-neuronal tissues, the functions of progranulin within the central 

nervous system (CNS) are not well understood. In humans, mutations in the progranulin gene 

(GRN) cause neurodegeneration. In zebrafish, progranulin-a (Pgrn-a), syntenic to GRN, is 

expressed exclusively by peripheral macrophages and CNS microglia, and is strongly 

upregulated in retinal microglia after the selective death and regeneration of photoreceptors. 

There is a gap in our knowledge, however, regarding the functions of progranulin during 

developmental neurogenesis. Therefore, the purpose of this study was to determine how Pgrn-a 

regulates vertebrate retinal development, using zebrafish as a model. The work presented here 

combined reverse genetics and quantitative morphometric approaches, including in vivo and in 

vitro assays of cell proliferation and differentiation and expression studies, to elucidate the 

details by which Pgrn-a regulates retinal progenitor cell cycle. Knock down of Pgrn-a synthesis 

in zebrafish embryos results in the absence of neuronal differentiation in the retina, maintenance 

of retinal progenitors in a proliferating state, and altered cell cycle kinetics. Collectively, our data 

show Pgrn-a loss-of-function (LOF) lengthens retinal progenitor cell cycle. Specifically, the 

proportion of cells undergoing mitosis is significantly decreased in Pgrn-a LOF embryos. 

Relative to controls, the G2-phase, total cell cycle length and S-phase duration is significantly 

longer following Pgrn-a LOF. The expression of cell cycle promoters and inhibitors is 

correspondingly altered in experimental embryos. These data suggest that for retinal progenitors 

Pgrn-a functions as a mitogen to govern the transition from proliferation to differentiation, and 

that in the vertebrate retina, microglia-derived growth factors regulate aspects of developmental 

neurogenesis. Ongoing studies seek to elucidate the downstream signaling mechanism of Pgrn-a 

action on cell cycle kinetics. 
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Abstract: The olfactory bulb (OB) develops as a unique specialization of the rostral pallium (OB 

primordium) from early stages of development. The onset of OB development coincides with 

changes in progenitor cell cycle parameters and early neurogenesis locally within the OB 

primordium, which have been suggested to be key for its initial evagination and growth. Here we 

show that the distinction between OB and neocortical development starts at the onset of 

neurogenesis, with changes in progenitor cell cycle parameters such as cycle lengthening and 

increased cycle exit, producing within a short developmental period a prominent accumulation of 

neurons that bulge rostrally. We find that these changes in progenitor cell dynamics involve 

mainly apical progenitors, and are linked to an equally important accumulation of newborn 

pallial neurons within the VZ of the OB primordium, virtually absent in the neocortex. Time-

course and time-lapse analyses of progenitor cell lineages demonstrate that these changes are 

preceded by significant OB progenitor cell dynamics, including the abundant occurrence of 

direct neurogenesis from Radial Glia cells, which we show is nearly anecdotic in the neocortex at 

those stages. Hence, whereas in the neocortex the majority of neurons are born from intermediate 

progenitor cells through indirect neurogenesis, in the OB we find that a significant fraction of 

neurons are produced directly from apical progenitors, while maintaining similar rates of indirect 

neurogenesis as in the neocortex. Direct neurogenesis in the OB primordium is paralleled by a 

reduced self-amplification of RGCs, coupling an increased neurogenesis with a reduction in 

apical surface, which leads to OB evagination. In summary, the development of the OB is 

initiated by a transient peak of neurogenesis in a short developmental period driven by a high 

incidence of direct neurogenesis from RGCs. We are currently searching for candidate genes 



differentially expressed between OB and neocortex that may regulate cell cycle dynamics as well 

as the fate of Radial Glial Cells towards a direct neurogenetic lineage. 
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Abstract: Identifying the mechanisms behind non-pathological cognitive aging is a critical step 

for developing preventative and ameliorative treatments that maintain or improve quality of life 

in the elderly. The production of new hippocampal and olfactory bulb neurons can diminish with 

age, but whether age-related changes in neurogenesis in these regions occur concomitantly or in 

a region-specific manner is unclear. In addition, age-related declines in hippocampal 

neurogenesis have been linked to changes in central cytokine and chemokine levels but whether 

these factors also impact olfactory bulb neurogenesis is also unclear. Here we quantified central 

and circulating chemokines/cytokines and new neuron numbers in the olfactory bulbs and 

hippocampi of young (4-6mo), middle-aged (10-12mo) and aged (18-20mo) male Fischer 344 

rats injected with the cell synthesis marker bromodeoxyuridine (BrdU; 50 mg/kg every 24h for 3 

days) 2 weeks after the rats were trained and tested in a rapid water maze. Although similar 

proportions of immature (DCX+), transitioning (DCX/NeuN+) and mature (NeuN+) neurons 



were detected across age groups, significantly fewer new cells were found in the olfactory bulbs 

and hippocampi of middle-aged and aged rats relative to their young counterparts. We are 

currently testing the relationships between age-related changes in olfactory bulb neurogenesis, 

hippocampal neurogenesis and levels of circulating and central cytokines in memory-impaired 

and memory-unimpaired rats. Our data will add to the picture of how neuroinflammation impacts 

neurogenesis and cognition across age. 
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Abstract: Abstract During corticogenesis, the balance between proliferation and differentiation 

of cortical progenitors is precisely regulated to give rise to an optimal number of cortical 

neurons. Lhx2, a LIM homeodomain transcription factor, was shown to be crucial for the 

formation of the cortex. Interestingly, Lhx2 is expressed in a high-caudal-to-low-rostral gradient, 

which is opposite to the neurogenesis gradient in the developing dorsal telencephalon (dTel). 

Thus, it has been hypothesized that Lhx2 is involved in regulating cortical neurogenesis. The 

deletion of Lhx2 in neural progenitors leads to a significantly smaller cortex with fewer 

progenitors and more neurons in the dorsal telencephalon at early developmental stages. We are 

currently comparing the proliferation and differentiation capacity of cortical progenitors from 

wild type and Lhx2 conditional knockout (cKO) embryos. Our preliminary findings suggest that 

Lhx2 is required for the maintenance of cortical progenitors at their proliferative state. (This 

work is supported by NHRI-EX102-10260NI.) 
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Abstract: The proper development of the cerebral cortex depends upon precise temporal and 

spatial control of the cell divisions of neural stem cells. Early in development, sufficient numbers 

of symmetric divisions must occur to expand the neuroepithelium, and then asymmetric divisions 

must produce neurons with sequential layer fates and finally glia. During these divisions the 

neural stem cells maintain apical-basal polarity and epithelial integrity. It is thought that the fates 

of the daughter cells are determined by the partitioning of specific factors in the membrane and 

cytoplasm during cleavage. To control the segregation of fate determinants, the cells must 

precisely regulate mitotic spindle positioning, cytokinetic cleavage furrowing, and abscission. 

However, while many proteins affecting spindle orientation have been studied in mammalian 

cortex, much less is known about the cytokinesis events that actually carry out partitioning. This 

is crucial because neural stem cells undergo a special polarized form of cytokinesis. Their 

cleavage furrow ingresses from basal to apical, and forms a midbody at the apical membrane, 

which mediates abscission (severing of the daughter cells). We have undertaken quantitative 

analysis of cytokinesis in neural stem cells (apical progenitors) of the developing mouse cortex, 

and found differences between early and later stages of corticogenesis. Furthermore, we have 

identified a mouse mutant with microcephaly and defects in cytokinetic structures in the 

embryonic cortex. In mutant cortex, cytokinetic midbodies of dividing apical progenitors are 

often misaligned with the apical membrane. Those that are aligned tend to be wider than in 

controls. Apoptosis is increased four-fold in mutants. The subventricular zone and neuronal 

layers form, but are thin, and the mutants die at birth. The mutant has a hypomorphic mutation in 



the vertebrate-specific Kinesin-6 family member Kif20b. This microtubule motor protein 

localizes within cleavage furrows and cytokinetic midbodies of control progenitor cells, but is 

reduced to undetectable levels in mutant cells. Kif20b was previously shown to be involved in 

cytokinetic abscission of human cells in vitro, but its precise function is not known. We 

hypothesize that in the developing cortex, Kif20b plays roles in midbody maturation and linkage 

to the apical membrane prior to abscission. In the Kif20b mutant, stochastic failures in abscission 

appear to lead to apoptosis, which depletes the progenitor pool and reduces neurogenesis. We are 

further analyzing the structure of neural progenitor midbodies, and testing whether candidate 

binding partners of Kif20b are mislocalized in mutant cells. 
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Abstract: Krüppel-like factor (Klf) 5 is a member of Klf family of Zinc finger transcription 

factors, whose sequence and function are highly conserved in vertebrates. Among this family, 

Klf4 have been vigorously studied and there are so many reports about its roles in the induction 

of iPS cells by somatic cell reprogramming, in ES cell self-renewal, and in early embryogenesis, 

especially in inner-cell mass (ICM) development. In neural development, Klf4 also plays a 

significant role in the maintenance of neural stem cells (NSCs) by repressing proliferation of 

NSCs. Despite Klf5 can substitute, at least in part, for the roles of Klf4 in the early development, 

its roles in the neural development remain poorly understood. In this study, we performed the 



neurosphere assay using Klf5 conditional knockout (cKO) mice and found that Klf5-deleted 

NSCs showed the impairment of self-renewal. We also observed that knockdown of Klf5 by in 

utero electroporation induced the premature differentiation and facilitated the radial migration of 

neural precursor cells of mouse embryonic brains. To understand the molecular mechanisms 

underlying the effects of Klf5 knockdown on the neurogenesis, microarray analysis was 

performed. Our results suggest that Klf5 plays important roles in the neural development and 

proliferation, migration and differentiation of neural precursor cells. 
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Abstract: Neurogenesis continues in the brains of adult decapod crustaceans. However, the 1st-

generation precursors that produce adult-born neurons, which reside in a neurogenic niche, are 

not self-renewing in the crayfish brain and must be replenished; the source of these neuronal 

precursors is unknown. Hemocytes, which are central players in innate defense mechanisms in 

crustaceans, are prime candidates. Here, we report that the number of cells composing the 

neurogenic niche in crayfish is tightly correlated with total hemocyte counts (THC) and can be 

manipulated by raising or lowering THC. Following adoptive transfer of ethynyl-2ô-

deoxyuridine (EdU)-labeled hemocytes, these cells populate the neurogenic niche containing the 

1st-generation neuronal precursors. After a 7-week survival time, EdU-labeled cells are located 



in brain clusters 9 and 10 where adult-born neurons differentiate, and express appropriate 

neurotransmitters. These findings demonstrate that the immune system is intimately involved in 

adult neurogenesis, and that adult-born neurons in crayfish can be derived from hemocytes in 

vivo. 

Disclosures:  J.L. Benton: None. R. Kery:  None. J. Li:  None. C. Noonin: None. I. Söderhäll: 

None. B.S. Beltz: None. 
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Abstract: Adult neurogenesis - the birth and integration of new neurons in the adult brain - is 

common in both vertebrate and invertebrate species. Investigations in mammalian models 

suggest that stem cells producing adult-born neurons are self-renewing. Previous investigations 

in the crayfish, Procambarus clarkii, have found that although the pool of first-generation 

neuronal precursors in the neurogenic niche is never depleted, these cells are NOT self-renewing. 

Therefore, there must be a source of neuronal precursors extrinsic to the niche. We propose that 

the innate immune (hematopoietic) system is this source, based on in vitro studies showing that 

hemocytes (and not other cell types) are attracted to the niche. We further tested this hypothesis 

by examining the turnover rate of two key hematopoietic regions, the posterior hematopoietic 

tissue (HPT) and the newly discovered anterior proliferation center (APC). Both of these regions 

are highly proliferative and are potential sources of neuronal precursors. The turnover rate of 

cells in HPT and APC was tracked after a single 5-bromo-2ô-deoxyuridine (BrdU) injection to 

label S-phase cells, followed by immunohistochemical detection. An overall decrease in the 



number of BrdU-labeled cells in hematopoietic regions was observed over time, as well as a 

temporally correlated increase in BrdU-labeled cells in the hemolymph. In the niche, BrdU-

labeled cells were observed for 4 days following the labeling period. This initial labeling period 

is followed by a 3-day gap when the niche is devoid of BrdU labeling. Unexpectedly, BrdU-

labeled cells were again observed in the niche between 8 and 14 days after the BrdU exposure. 

As BrdU is no longer available for renewed labeling of neuronal precursors in the niche at this 

time, our interpretation is that the ñsecond waveò of labeled cells must have incorporated the 

nucleoside while still in their source tissue. Many mechanisms underlying adult neurogenesis are 

conserved across a broad range of vertebrate and invertebrate species. Therefore, this work may 

have important implications for other organisms, as well as for diseases associated with adult 

neurogenesis. 

Disclosures:  J. Li:  None. B.S. Beltz: None. E. Cockey: None. J. Platto: None. J.L. Benton: 

None. 
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Abstract: To understand the in vivo proliferative behaviour of neural stem and progenitor cells 

outside the CNS, we have examined the in vivo cell cycle dynamics of the developing mouse 

dorsal root ganglia (DRG) and enteric nervous system (ENS). We have modified an existing 

double S-phase labelling approach by combining it with multiple label immunofluorescence to 

identify in vivo cell cycle parameters in identified populations of cells. With this approach we 

can simultaneously identify the growth fraction (GF), S-phase length (Ts) and cell cycle length 

(Tc) for individual embryos. To identify neural crest progenitor cells, committed neurons and 

proliferating cells we used antisera to Sox10, Hu, and Ki67 respectively. The changes to GF, Tc 

and Ts, in the developing DRG and ENS are summarised in Table 1. In the DRG, only Sox10 



cells were cycling. From E9.5 to E12.5, Tc and Ts both increase in proportion. On E13.5 Tc 

increases further but Ts decreases, corresponding with significant numbers of Sox10 cells exiting 

the cell cycle. For Sox10 cells in the ENS, there was a significant increase in the length of Tc 

from E10.5 to E12.5, which then remained constant through E16.5. Over this period, the vast 

majority of Sox10 cells remained in the cell cycle. Together with a previous study (Gonsalvez et 

al 2013, J. Neuroscience, 33(14); 5969), this study shows that neural crest derivatives forming 

different parts of the peripheral nervous system each have different patterns of proliferation, 

despite their common origin. The approach used can be applied to identify key proliferation 

parameters in vivo from different CNS and neural crest-derived tissues in a single embryo. This 

approach will be useful in studying how in vivo cell cycle dynamics are altered in a range of 

neurocristopathies. Table 1: Proliferation parameters of Sox10 and Hu cells the developing DRG 

and ENS 

Cells Age GF Tc (h) Ts (h) 

DRG 
    

Sox10 E9.5 1.00 (4) 8.0 (4) 5.0 (4) 

Sox10 E10.5 0.97 (4) 10.0 (4) 6.5 (4) 

Sox10 E11.5 0.96 (4) 11.1 (4) 6.3 (4) 

Sox10 E12.5 0.91 (4) 18.5 (4) 10.1 (4) 

Sox10 E13.5 0.59 (5) 31.9 (5) 6.1 (4) 

Sox10 E14.5 0.28 (4) 33.8 (3) 8.4 (3) 

Sox10 E16.5 0.19 (3) N/A N/A 

ENS 
    

Sox10 E10.5 1.00 (11) 14.6 (11) 6.8 (11) 

Sox10 E12.5 0.99 (5) 19.2 (6) 9.5 (6) 

Sox10 E16.5 0.89 (5) 20.8 (3) 6.1 (3) 

Hu E10.5 0.02 (7) N/A N/A 

Hu E12.5 0.05 (5) N/A N/A 



Hu E16.5 0.05 (5) N/A N/A 

No. in ( ) are No. of embryos used. N/A = ages where there were too few cycling cells to 

calculate Tc & Ts 

Disclosures:  D.G. Gonsalvez: None. M.L.Y. Fong:  None. K.N. Cane: None. L.A. Stamp: 

None. H.M. Young: None. C.R. Anderson: None. 
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Abstract: In the developing neocortex, neurons are formed from the division of neuronal 

progenitor cells, also called Radial Glial Progenitors (RGPs). RGPs undergo a long-mysterious 

cell cycle-dependent process known as Interkinetic Nuclear Migration (INM), during which their 

nuclei oscillate between the apical and the basal regions of the ventricular zone. This movement 

is dependent on the microtubule cytoskeleton and tightly linked to the cell cycle: The kinesin 

KIFf1A transports the nucleus basally during G1 and dynein transports the nucleus apically 

during G2. We recently reported an essential role for two dynein recruitment pathways to the 

nuclear pores, acting sequentially to drive G2 apical nuclear migration (Hu et al, Cell, 2013). The 

RanBP2-BicD2 pathway is activated early in G2 and is involved in long-range nuclear migration 

to the ventricular surface, whereas the Nup133-CENP-F pathway contributes specifically to the 

late stages of migration. Strikingly, inhibition of these factors also blocked mitotic entry and 

neuronal production, revealing a tight relationship between cell cycle, INM, and neurogenesis. 

The current study was initiated to identify cell cycle-dependent regulatory mechanisms 

responsible for triggering apical nuclear migration during G2. Using multiple protein kinase 



pharmacological inhibitors in live cultured embryonic rat brain slices we found acute Cdk1 

inhibition to block apical nuclear migration at its earliest stages, phenocopying dynein and 

BicD2 knockdown. Cdk1 inhibition also rapidly and reversibly interfered with recruitment of 

BicD2 and dynein to the G2 nuclear envelope. Dynein recruitment could be rescued by 

constitutively targeting the dynein-binding region of BicD2 to the nuclear envelope, indicating 

that Cdk1 primarily modulates the RanBP2-BicD2 interaction. Using in vitro protein kinase 

assays, we identify novel Cdk1 phosphorylation sites in RanBP2, which strongly enhance BicD2 

binding. These results identify a mechanism to control dynein recruitment to the G2 nuclear 

envelope and initiate apical nuclear migration in brain progenitor cells. 

Disclosures:  A. Baffet: None. D. Hu: None. R. Vallee: None. 
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Abstract: The basal radial glia (bRG) is a type of progenitor in the subventricular zone (SVZ), 

which retains a basal process to the pial surface, sustains expression of radial glial markers and is 

capable of self-renewal. The bRGs occur at high relative abundance in the outer SVZ (OSVZ) of 

gyrencephalic animals, but lower of lissencephalic rodents, suggesting that the division of bRG 

in OSVZ is important to generate gyrencephalic brain. The common marmoset, Callithrix 

jacchus, is a primate that has a few gyrus and sulcus formations though the abundance of bRG 

cells is similar to that in human neocortex. In order to study the role of bRG in the developing 

marmoset brain, at first, we characterized the cell cycle of bRG using the technique of thymidine 

analog labeling, in combination with immunofluorescent staining. Secondary, we determined 

when the bRG cells build up in the OSVZ. Accordingly, the poor gyrification of marmosetôs 

cerebral cortex is caused by the later birth of bRG than those of gyrencephalic animals such as 

macaque monkey. Furthermore, we labeled the dividing bRG with thymidine analogs when there 



is an abundance of bRG in OSVZ according to previous data (Kelava et al., 2012). After birth, 

we performed histological analysis, showing that the bRG cells predominantly became the 

upper-layer neurons in the marmoset cerebral cortex. 

Disclosures:  A. Murayama:  None. J. Okahara: None. E. Sasaki: None. H. Okano: None. 

 

Poster 

495. Proliferation: Self-Renewal and Cell Cycle 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 495.20/B2 

Topic: A.02. Neurogenesis and Gliogenesis 

Support: CNPq 

 CAPES 

 Proppi-UFF 

Title: Coordinated cell cycle regulation by nucleotides and IGF-I in retinal progenitors 
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Abstract: Aim: ADP induces proliferation of retinal progenitors through activation of P2Y1 

receptors, MAPK and PI3K. Recent studies have also suggested the participation of growth 

factors in purinergic signaling. Here we evaluated the role of ADP and IGF-I in controlling cell 

cycle of retinal progenitors. Methods and results:To evaluate signaling pathways activated by 

ADP and IGF-I in retinal cells, primary cultures obtained from 7-day-old chick embryos were 

stimulated for 5 minutes and protein levels detected by western blot. Cultures treated with 250 

µM ADP and 100 ng/ml IGF-I showed increased levels of phospho-Erk. However, only IGF-I 

could stimulate phosphorylation of IGF-I receptor, Akt and 4E-BP1. Besides, after IGF-I 

treatment we could detect, by immunofluorescence, phospho-Akt and PCNA double-labeled 

cells, indicating that IGF-I stimulate PI3K/Akt pathway in progenitor cells. Since PI3K/Akt 

pathway is involved in CDK1 regulation and G2/M progression of retinal progenitors, we 

evaluated if IGF-I or ADP could regulate CDK1 levels by RT-PCR and western blot. IGF-I 

treatment, but not ADP, significantly increased CDK1 expression at mRNA and protein levels. 

Consistent with this data, IGF-I promoted a significant decrease in histone-H3 phosphorylation, 

which was partially prevented by the addition of PI3K inhibitor. S-phase entry was evaluated by 



[3H]-thymidine incorporation in cultures treated with IGF-I and/or ADP for 24 h. When cultures 

were maintained in absence of FBS (fetal bovine serum) nor ADP or IGF-I could promote entry 

in S-phase. However, co-treatment with both agonists promoted a significant increase in [3H]-

thymidine incorporation. Besides, in absence of FBS, concomitant treatment with both agonists 

could also increase Cyclin D1 and Cyclin E levels. Furthermore, in presence of FBS, ADP could 

stimulate entry in S-phase and this effect was totally prevented by IGF-I receptor inhibitor AG-

1024. Conclusions: These data suggest that ADP and IGF-I are extracellular factors that regulate 

cell cycle in retinal progenitors. While IGF-I controls CDK1 expression and G2/M progression, 

both ADP and IGF-I are required to S-phase entry and expression of G1-phase cyclins. 

Disclosures:  I.M. Ornelas:  None. M.R. Pereira: None. T.M. Silva: None. A.L.M. Ventura:  

None. 
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Abstract: Neural stem cells (or radial glia-like cells, RGLs) in the dentate gyrus (DG) of the 

adult hippocampus exist primarily in a quiescent state, in contrast to the highly proliferative 

NSCs in the embryonic nervous system. One of the main features of quiescent DG stem cells is 

their ability to re-enter the cell cycle upon reception of activation signals from the surrounding 

niche, and therefore, of their ability to respond to changing physiological demands as well as to 

aberrant pathological states. A number of environmental stimuli and signals have been shown to 



influence stem cell activity. However, how stem cells integrate this information to generate an 

appropriate response is still unknown. Here we show that Ascl1, a member of the basic helix-

loop-helix family of transcription factors known to promote progenitor fate commitment and 

differentiation in the developing mouse brain, is expressed by stem cells of the adult 

hippocampus, specifically when they become activated. Moreover, its expression is rapidly 

induced by neurogenic stimuli, with a faster kinetic than that of activation markers such as 

MCM2. Deleting Ascl1 specifically in the neural stem cell population of the DG with a 

GlastCreERT2, tamoxifen-inducible line, results in the complete inability of RGLs to exit 

quiescence and divide, and consequently leads to an absolute block of neurogenesis in the adult 

DG. Ascl1-deficient cells remain in a state of quiescence over many months, and, most 

importantly, are unable to respond to neurogenic stimuli. By examining the genome-wide 

binding of Ascl1 in adult hippocampal-derived neural stem cells, and the genes deregulated in 

Ascl1-deleted DG stem cells, we are learning how this factor controls stem cell activation and 

cell cycle progression. This work establishes the role of the transcription factor Ascl1 in 

promoting the activation of neural stem cells and highlights the central function of Ascl1 in 

integrating niche signals to regulate neural stem cell activity. 

Disclosures:  J. Andersen: None. N. Urbán: None. A. Ito:  None. A. Achimastou: None. B. 

Martynoga:  None. M. Lebel: None. C. Göritz:  None. J. Frisén: None. F. Guillemot: None. 
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Abstract: A widely accepted concept in neural biology field is that mature neurons are 

terminally differentiated cells and thus unable to re-enter cell cycles or to proliferate. The 

neurogenesis of the brains of adult animals reported by early articles is now believed to be the 

result of the proliferation of neural stem cells or neural progenitor cells. However, we found that 

down-regulated necdin expression by tri-iodo-L-thyronine (T3) and necdin RNAi can trigger the 



proliferation of the purified primary neurons and the neurons in situ of adult rat cortex. The 

cultured primary neurons from fetal rat cortex were treated with (10
-5 

M) of arc-c for 96 hours 

and purified up to the concentration 99.99% and no nestin-positive cells is observed. The 

enriched primary neurons were then treated with T3 at different concentrations. Substantial 

amount of dividing neurons at different mitosis phases were observed. Low dose of T3 (2ɛg/ml) 

resulted in the division of parvocellular neurons and high dose of T3 (more than 50ɛg/ml) made 

magnocellular neurons proliferation. About 4.6±0.7% ShcC labeled neurons were checked out at 

G2M with flow cytometry when treated with 50ɛg/ml of T3. We further demonstrated that the 

dividing neurons possess various characteristics of postmitotic neurons, evidenced by specific 

markers, electrophysiology, ultrastructural and typical synapses between the dividing neurons 

and others. When different concentration of T3 was reversely administrated into the cortex of 

adult rat by microdialysis, a substantial amount of MAP2 and ShcC labeled neurons in situ, 

located around the microdialysis areas of layers III-VI, were triggered to divide. We further 

found that T3 triggers neuron division, is closely related to its ability to reduce the expression of 

necdin, alter the subcellular localization of E2F1, and to activate cyclin expression. Following, 

we demonstrated that down-regulation of necdin expression triggers the division of the enriched 

primary neurons and the cortex neurons in situ by necdin RNAi. The postmitotic neurons still 

possess the ability to proliferate under some conditions suggests the neurogenesis possibility and 

renews the hope in developing strategies for the cure of neural degenerative diseases. Key words: 

tri-iodo-L-thyronine, postmitotic neuron, proliferation  

Disclosures:  S. Liu: None. R. Liu:  None. H. Que: None. J. Yang: None. Q. Lin:  None. Y. 
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Abstract: Retinal progenitors unlike neural stem cells do not self-renew under normal culture 

conditions in vitro. This observation is counterintuitive to a prolonged retinal histogenesis, which 

necessitates retinal progenitors to self-renew to sustain the temporal generation of diverse cell 

types. Here, we have examined the premise that the self-renewal property of retinal progenitors 

requires contribution from others cells in the histogenic environment. In the absence of the 

identity of the contributing cells in the developing retina this notion was tested in the presence of 

endothelial cells, known to support stem cells in neural and extra-neural niches. We used 

conventional neurosphere assays, lentivirus-mediated perturbation of gene expression, and 

molecular and biochemical analyses to test the hypothesis. We observed that a small subset of 

retinal progenitors were capable of clonal propagation and maintain multipotentiality of their 

parents in the presence of endothelial cells. The self-renewing features, also observed in vivo, 

involved multiple inter-cellular signaling pathways. Microarray analysis revealed that these 

pathways recruited high-mobility group protein AT-hook2 (Hmga2), an epigenetic regulator, 

whose expression progressively decreased in the developing retina, as progenitors were 

exhausted. Perturbation of expression of Hmga2 both in vitro and in vivo revealed that it was 

functionally involved in mediating the cell-extrinsic influences on the self-renewal of retinal 

progenitors. Our observations suggest that retinal progenitors possess non-cell autonomous self-

renewal property, which is regulated by a molecular axis, underpinned by Hmga2. 

Disclosures:  I. Ahmad:  None. S. Parameswaran: None. X. Xia:  None. 
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Abstract: The neural stem cell (NSC) restriction and differentiation require precise and 

orchestrated network of genetic transcription. What and how are the key genes transcribed from 

selected genome, and foremost what instructions are given to direct the complex transcription 

during neurulation is key to the understanding of the neuronal development. We have previously 

demonstrated that epigenomics of neural stem cells go through a critical DNA methylation 

diversification during initiation of differentiation (Zhou et al., 2011). In this study, comparing 

between undifferentiated and 3-day differentiated dorsal ganglia NSCs as model, we combined 

the analysis of genome-wide DNA methylation (by MeDIP-Chip) with the transcription (by 

microarray) to interrogate the involvement of the gene activities at epigenetic and transcriptional 

levels during the initial differentiation. The altered genes were further analyzed using Ingenuity 

pathway analysis (IPA) for canonical pathway and functional networking. We found that 691 

genes were hypermethylated and 403 genes were hypomethylated in the differentiated cells as 

compared to the undifferentiated. Cross analysis of DNA methylation and transcription followed 

with IPA revealed a genes form a key network which involved critical cell signaling (including 

growth factors ECM protein, cytokines and hormone signaling pathways), cell cycle (e.g 

decrease of Cyclin D, Cyclin E), apoptosis (e.g. decrease of Bak, Bax), and Hedgehog, WNT, 

BMP, and TGF-ɓ pathways. Our further analysis of neuronal specification pathways revealed 

many including Bmp4, Notch2, Hox and proneuron genes (ie. Ascl1) were also altered in 

expression or methylation. Finally, the influence of DNA methylation on transcription of a 

proneuron gene, Ascl1 was tested using miSeq methylation analysis followed by qRT-PCR to 

demonstrate the epigenetic influence of DNA methylation on transcription. Supported by P50 

AA07611 to FCZ and M. Keck Foundation to FCZ and ACL. 

Disclosures:  F.C. Zhou: None. C. Lo: None. A. Lossie: None. 
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Abstract: Background: Stem cells are a powerful resource for cell-based transplantation 

therapies in neurodegenerative diseases, but understanding stem cell differentiation at the 

molecular level is not clear yet. Wnt signalling is involved in numerous events in animal 

development, including the proliferation of stem cells and the differentiation of stem cells to 

specific lineages. Based on this, we hypothesized that the Wnt pathway controls stem cell 

maintenance and neural differentiation. Results: We characterized the transcriptional expression 

of Wnt signalling genes during the neuronal differentiation of hADSCs followed our previous 

study. After neuronal induction, RT-PCR analysis was showed that the expressions of Wnt2, 

Wnt4, Wnt11 were decreased, but the expression of Wnt5a was increased compared with 

primary hADSCs. In addition, the expression level of most Fzds and LRP5/6 ligand were 

decreased, not Fzd3 and Fzd5. There were not changes the expression of b-catenin and GSK-3b. 

Interestingly, Wnt5a expression was highly increased in NI-hADSCs by real time RT-PCR 

analysis and western blot. Finally, we found that the JNK expression was increased after 

neuronal induction. Conclusion: Our studies indicate that the Wnt5a/JNK pathway modulated the 

neuronal differentiation binding Fzd3 and Fzd5 and directing Axin/GSK-3b in hADSCs. 

Disclosures:  S. Jang: None. J. Park: None. H. Jeong: None. 
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Abstract: Although stem cell-based therapy has emerged as a potential treatment for 

neurodegenerative diseases, donor cell loss after transplantation is a major drawback for this 

approach. One strategy to boost cell survival and efficacy is to precondition cells prior to 

transplantation with compounds that elicit a comprehensive increase in the expression of genes 

associated with trophic factors, energy metabolism, cell survival, and migration. Since the 

neuroprotective actions of the mood stabilizers lithium and valproic acid (VPA) induce multiple 

cell survival and anti-apoptotic pathways in neurons and other cell types, we hypothesized that 

preconditioning bone marrow-derived mesenchymal stem cells (MSCs) with lithium and VPA 

would enhance their biological and functional properties. To identify the genes and signaling 

pathways governing the beneficial effects of preconditioning, whole genome microarray analysis 

was performed on MSCs using an Agilent chip that contained 60,000 oligonucleotides. MSCs 

were incubated in the presence or absence of combined lithium and VPA (2.5 mM each) for 24 

hrs. Of the 55,821 transcripts that hybridized to the array, 4,340 genes were differentially 

expressed with a fold change of 2.0 or higher (P < 0.05) in the lithium-VPA co-treatment group 

relative to control. Approximately 96% of the 4,340 genes were markedly upregulated, 

suggesting that lithium-VPA co-treatment exerts stimulatory biological effects on MSCs. The 

validity of the microarray data was confirmed with the increased expression of fibroblast growth 

factor-21 (2.3-fold) and matrix metallopeptidase related genes such as MMP-17 (2.6-fold) and 

Adam-2 (9.0-fold). Functional enrichment by gene ontology (GO) analysis revealed that genes 

clustered into 39 GO categories (false discovery rate p-value cut off = 0.10). We found robust 

expression (2-9 fold) of genes involved in growth factor, antioxidant, anti-apoptotic, 

chemokine/cytokine, migration, mitochondrial energy, and stress response signaling pathways 

compared to untreated MSCs. Furthermore, several expressed sequence tags (ESTs) and long 

non-coding RNAs (lncRNAs) with no known function were also identified as potential targets 

for lithium-VPA induced signaling pathways. Experiments are ongoing to validate the expression 

of selected genes by real time PCR. In conclusion, global gene expression profiling improved our 

understanding of the molecular pathways and mechanisms involved in mediating the beneficial 

actions of lithium-VPA on MSCs. Therefore, employing a preconditioning strategy utilizing 

these agents may prove useful for enhancing the therapeutic efficacy of stem cell-based therapy. 
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Abstract: The maintenance of the resident adult neural stem/progenitor cell (NSPC) pool 

depends on the precise balance of proliferation, differentiation, and maintenance of the 

undifferentiated state. Identifying the mechanisms that regulate this balance in adult hippocampal 

NSPCs can provide insight into basic stem cell self-renewal principles important for tissue 

homeostasis and preventing tumor formation. Pharmacological inhibition of histone deacetylases 

(HDACs), a class of histone-modifying enzymes, have promising effects in cancer cells, yet the 

specific roles of individual HDACs in stem cell proliferation is unclear. Here using conditional 

knockout (cKO) mice and in vitro cell culture, we show that histone deacetylase 3 (HDAC3) is 

required for the proliferation of adult NSPCs. Detailed cell cycle analysis of NSPCs from Hdac3 

cKO mice reveals a defect in cell cycle progression through G2/M phase, but not S phase. 

Moreover, HDAC3 controls G2/M phase progression mainly through post-translational 

stabilization of the G2/M cyclin-dependent kinase-1 (CDK1). These results demonstrate that 

HDAC3 plays a critical role in maintaining the self-renewal of adult NSPC pool and suggest that 

strategies aimed at pharmacological modulation of HDAC3 may be beneficial for tissue 

regeneration and controlling tumor cell growth. 
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Abstract: Neurons of the mammalian neocortex are produced by proliferating cells located in 

the ventricular zone (VZ) lining the lateral ventricles. This is a complex and sequential process, 

requiring precise control of cell cycle progression, fate commitment and differentiation. We have 

analyzed publicly available databases from mouse and human to identify candidate genes that are 

potentially involved in regulating early neocortical development and neurogenesis. We used a 

mouse in situ hybridization dataset (The Allen Institute for Brain Science, ~2,100 genes) to 

identify 13 genes (Cdon, Celsr1, Dbi, E2f5, Eomes, Hmgn2, Neurog2, Notch1, Pcnt, Sox3, 

Ssrp1, Tead2, Tgif2) with high correlation of expression in both time and space in the 

proliferating cells of the VZ of the neocortex at early stages of cortical development (E13.5 and 

E15.5) and then significantly reduced at later stages of development (E17.5 and onwards). 

Consistent with this approach, we found that the human homologs of 10 of these genes also show 

high levels of expression in the ventricular and subventricular zones in the human developing 

brain (microarray data from the BrainSpan Atlas, ~58,700 probes). Using human transcriptomic 

data (RNAseq data from Yale University on deposit at the Allen Institute, ~52,400 genes), we 

further confirmed 7 of these 10 candidates as being highly expressed in human neocortex at 8-9 

weeks post-conception (a comparable time point to mouse early cortical development used 

above) and greatly reduced by 12 weeks post-conception. We then extended this gene set by 

including other genes that are highly expressed either in the human neocortex or mouse VZ. A 



gene ontology search for both of these extended sets of genes indicates that the majority of the 

genes considered are involved in transcriptional regulation. Validation of the candidate genes is 

provided by the reported involvement of Celsr1, Neurog2, Notch1, Sox3, and Tgif2 in either 

early neuronal development or diseases resulting from the disruption of neurogenesis, further 

suggesting that Hmgn2 and Tead2 are involved in the regulation of early neocortical 

development. Taken together, our knowledge-based discovery method has uncovered a 

conserved set of 7 genes that are highly expressed at the right time and place during neocortex 

development, allowing the identification of two novel potential regulators of early stages of cell 

proliferation in both human and mouse neurogenesis. 

Disclosures:  R.S. Nowakowski: None. F. Freudenberg: None. C.M. Vied: None. A.A.S.F. 
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Abstract: Increasing evidences suggest that maternal infection during pregnancy may influence 

fetal brain development and leads to neurological disorders. In our previous studies we had used 

lipopolysaccharide (LPS) exposure to mimic maternal infection in rats. The offspring exposed to 

LPS during critical developmental window for dopaminergic and serotoninergic neurons showed 

a reduction in the number of dopaminergic and serotoninergic neurons and the dopamine (DA) 

and serotonin (5-HT) concentrations were decreased in various brain regions in adulthood. As a 

consequence, the offspring displayed more anxiety-like and depression-like behaviors and had 

increased corticosterone responses to stress; suggesting maternal immune activation during 

critical developmental window might pose a risk for psychiatric disorders in offspring. In the 



current study, we set out to examine the maternal cytokine changes induced by LPS exposure 

and measured cytokine concentrations in the amniotic fluid. We also examined whether the 

developing dopaminergic and serotonergic neurons in embryo display cytokine receptors. The 

pregnant dams received a single ip injection of LPS on day 11 of gestation. Dams of the control 

group received a single ip injection of phosphate buffered saline (PBS) at the same time point. 

We collected maternal blood, amniotic fluid, and embryo samples at 2, 6, 12, 24 hours following 

LPS injection. The tissue narcosis factor Ŭ (TNFŬ), interleukin 1ɓ (IL1ɓ) and interleukin 6 (IL6) 

concentrations in the blood and amniotic fluid were determined by enzyme-linked 

immunosorbent assay (ELISA). In another group of dams we injected 5-bromo-2'-deoxyuridine 

(BrdU, 200 mg/kg, ip.) from E9-E11 (one injection per day) to label proliferating cells and had 

LPS or PBS injection on E12.We measured the number of serotoninergic and dopaminergic 

neurons and the number of BrdU-positive DA and 5-HT neurons on postnatal day 7, 14, 21 and 

30. We found that there was a significant increase in TNFŬ, IL1ɓ, and IL6 in maternal blood and 

amniotic fluid, however the peak time varies in each cytokine. The developing dopaminergic and 

serotonergic neurons express IL6 and TNFŬ receptors. There is a significant reduction in the 

proportion of BrdU-positive serotonergic and dopaminergic neurons in LPS rats; suggesting a 

reduction in cell proliferation. In summery, these data indicated that maternal cytokines induced 

by LPS exposure could reduce cell proliferation in DA and 5-HT neurons and the effect is long-

lasting. 
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Abstract: Small cell lung cancer (SCLC) is a highly malignant form of cancer, which originates 

from primitive neuroendocrine cells in the lung. SCLC cells express several autocrine 

neurotransmitters and neuropeptides and their respective receptors. It was reported that the 

expression of these neuronal markers is regulated by RE1-silencing transcription factor (REST). 

In SCLC cells, an SCLC-specific isoform of REST (sREST) is highly expressed while full-

length REST expression is too low to detect, suggesting that the expression of sREST correlates 

with the pathogenesis of SCLC. We previously reported that the neural-specific SR-related 

protein of 100 kDa (nSR100) abnormally activates the alternative splicing of REST (Mol. Cancer 

Res. 11, 1258 (2013)) in SCLC cells. There is recently increasing evidence that miRNA 

expression plays a fundamental role in gene regulation and may contribute substantially to 

cancer progression through translational repression. We analyzed the miRNA expression in 

SCLC cells using microarray analysis, suggesting that some of down-regulated miRNAs are 

predicted to interact with nSR100 mRNA. Analysis of these down-regulated miRNAs in 

patientsô serum showed that the expression of a specific miRNA was significantly higher in 

SCLC patients than in other tumor patients. Furthermore we have found the miRNAs in SCLC 

patients' serum were selectively incorporated in the exosome. SCLC cells cultured on Matrigel in 

the condition which causes the up-regulation of nSR100 expression showed that the secretion of 

the miRNA in exosome was increased, while the intracellular miRNA significantly decreased. 

Taken together these results suggest that the miRNA targeting nSR100 might be a novel SCLC-

specific biomarker. 

Disclosures:  M. Shimojo: None. Y. Shudo: None. S. Ito: None. 
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Abstract: MicroRNAs (miRs) are small non-coding RNAs which can regulate gene networks 

through post-transcriptional modulation of gene expression. An axon-enriched miR was 

previously identified as a regulator of axonal outgrowth and oligodendrocyte differentiation. 

However, the role of this miR within the central nervous system and more specifically the cortex 

remains largely unknown. In the current study we characterized the function of this miR in 

cortical development and dissected its downstream signaling pathways. To monitor the spatio-

temporal expression of this miR we used qPCR analysis to examine the quantity of this gene 

within several brain regions. This revealed that this miR is dynamically expressed throughout 

development in a wide range of brain regions including the cortex. Following this, we 

established primary cortical cultures wherein we inhibited this miR using a viral based sponge. 

In-vitro inhibition of this miR throughout development resulted in a significant decrease in 

neuronal complexity. To complement these findings we employed in-utero electroporation (IUE) 

in order to manipulate this miR in the developing mouse brain. Brains in which this miR was 

either up or down regulated displayed several abnormalities potentially due to changes in the 

cell-cycle status of newborn neurons. A combination of whole transcriptome RNA-sequencing 

and gene network classification of the altered genes allowed us to pinpoint miR targets likely 

responsible for the observed phenotype. Our results indicate that this miR has an important role 

in early cortical development, and possibly is capable of affecting multiple stages of this process 

by regulation several key downstream mRNA targets. 
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Abstract: In adult crickets, new neurons arise from two clusters of mitotic cells within the 

mushroom bodies. Within mammalian neurogenic niches, cell-cell interactions play a role in 



regulating neurogenesis during both early development and adulthood. Within insect neurogenic 

niches, we propose that septate junctions mediate such cell-cell communication. We hypothesize 

that septate junctions maintain an active adult neurogenic niche and that disruption of this cell-

cell communication will decrease the mitotic activity of progenitor cells, and lead to their 

terminal differentiation. To test this, we used RNA interference (RNAi) to experimentally 

knockdown expression of the septate junction protein Lachesin. We focused on this protein since 

it had been previously reported that mitotic cells of the cricket neurogenic niche label with anti-

lachesin antibodies (Malaterre et al., 2002, J. Comp. Neurol. 452:215). Newly emerged (day one) 

adult male crickets were given a 2µl intra-abdominal injection of dsRNA. The optimal 

concentration for an effective knockdown, and the duration of knockdown, was determined by 

sacrificing control and experimental animals at different times post-injection. Effectiveness of 

the RNAi was validated using quantitative real-time PCR. Two days after injection of 2.5µg 

dsRNA against lachesin into adult male crickets (n=6), brain lachesin transcript levels were 

decreased by approximately 60% compared to control crickets injected with 2.5µg dsRNA 

against dsRed2 (n=6), a gene not found in insects. This 60% decrease in lachesin expression was 

still evident 30 days later. Decreasing the dose of lachesin dsRNA to 1µg (n=6) or 0.5µg (n=6) 

resulted in a decrease in lachesin expression of 71% and 40%, respectively, 30 days post-

injection. As RNAi was determined to produce a long-term decrease in lachesin expression, we 

examined the effects of this knockdown on adult neurogenesis. Again, on day one of adulthood, 

male crickets received an intra-abdominal injection of 2.5µg of lachesin dsRNA (n=6) or dsRed2 

dsRNA (n=5). Twenty-nine days later, all crickets were injected with 10µl of 40 mg/ml 5-

bromo-2ô-deoxyuridine (BrdU) in saline. After 2 hr, brains were dissected and processed for 

BrdU immunocytochemistry. Preliminary results support our hypothesis, since lachesin 

knockdown led to a significant, 15% reduction in the number of mitotic cells in the neurogenic 

niches (Studentôs T-test, p=0.03). We plan to examine the effect of lachesin RNAi on the 

structure of the niche and to determine its impact on behavioral plasticity. This study provides 

insight into the mechanisms by which stem cells in adult neurogenic niches remain mitotically 

active. 
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Abstract: Centrosomes are essential for the proper development of the neocrotex, the 

dysfunction of which underlies several neurodevelopmental disorders, including microcephaly 

and ciliopathy. As demonstrated in our previous study, asymmetric inheritance of mature versus 

immature centrosomes dictates the cell fate of each daughter cell during asymmetric cell division 

of neuronal progenitors. Once neurons are born, the centrosome also directs neuronal migration 

by its repositioning into the leading process before nuclear translocation. However, the 

mechanisms underlying centrosomal behaviors in neurogenesis and neuronal migration remain 

elusive. I hypothesize centrosomes may regulate different aspects of neurogenesis and neuronal 

migration through different centirole-related structures in the developing neocortex. To begin 

with, we compared the phenotypes upon loss of primary cilia and centrosomes with a 

Nestin::Cre line to drive conditional knockout in the developing neocortex. In the cilia mutant 

Ift88
-/-

, the cortex is surprisingly normal based on immunohistochemical analysis of neurogenesis 

and neuronal lamination. In contrast, the centrosomal mutant Sas4
-/-

 is microcephalic with 

extensive apoptosis by E15.5. Upon full rescue by simultaneous removal of p53, Majority of 

Pax6+ cells cells delaminated and were ectopically present in the intermediate zones of the 

double mutant Sas4
-/-

 ;p53
-/- 

. The ectopic progenitors do not possess any long processes and 

divide with randomized cleavage planes, indicating that they are not outer subventricular zone 

progenitors (oRGs). Further analysis demonstrated these progenitors are as capable as their 

normal counterparts in ventricular zone (VZ) to give rise to a more or less normal cortex. Taken 

together, centrosomes are required to anchor the radial glial progenitors and ensure a proper 

cleavage orientation. However, we also revealed that neuronal progenitors are remarkably 

plastic, in which they do not depend on the VZ as their essential stem cell niche and retain 

normal proliferation capability in spite of changed morphology and randomized cleavage 

orientations. We will examine Sas4
-/-

 ;p53
-/-

 mutant in more details to fully understand the 

functions of centrosomes in the developing neocortex. 
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Abstract: Radial glial progenitor cells in the developing neocortex undergo cell cycle dependent 

interkinetic nuclear migration (INM). We have found apical nuclear migration to require 

cytoplasmic dynein, recruited to the nuclear envelope by sequential G2-specific mechanisms (Hu 

et al. Cell. 2013, 154:1300-13), and basal nuclear migration to involve kinesin-3 (Tsai et al. Nat. 

Neurosci. 2010, 13:1463-71). A number of dynein regulatory factors are involved in brain 

development, including LIS1, NudE, and NudEL. The latter two are closely related (55% 

identity; 70% similarity), but knockout mice exhibit distinct brain developmental phenotypes. 

Using in utero electroporation of Nde1 and Ndel1 shRNAs, followed by fixed and live cell 

imaging, we tested the effects of NudE and NudEL RNAi on neurogenesis and migration. NudE 

RNAi resulted in strong inhibition of INM, with severe defects specifically in apical nuclear 

migration, and a complete failure to enter mitosis. In contrast, NudEL RNAi had no effect on 

INM, and cell division at the ventricular surface persisted. Either NudE or NudEL RNAi, 

however, led to an accumulation of multipolar cells in the intermediate zone. Further migration 

of postmitotic neurons into the cortical plate was also diminished, an effect rescued by RNAi-

insensitive NudE expression. These results identify a specific role for NudE in INM, and suggest 

common roles for both NudE and NudEL during the multipolar to bipolar transition and 

subsequent migration. Supp. by NIH HD40182. 
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Abstract: Rab GTPase proteins belong to the superfamily of Ras small G protein family. They 

coordinate multiple processes of membrane trafficking, including regulation of vesicle 

formation, transport, budding, tethering and fusion. However, little is known about the 

physiological roles of Rab18 in vivo. Mutations of Rab18 are identified in patients with Warburg 

Micro Syndrome characterized by progressive limb spasticity, optic atrophy, hypoplasia of 

corpus callosum and cerebellum, suggesting that Rab18 is involved in neurodevelopment. Rab18 

is also reported to be a candidate susceptibility gene of schizophrenia. Indeed, there is evidence 

for cerebellar pathology in schizophrenia, including decreased numbers of Purkinje cells and 

reduction of cerebellar volume. In cultured cells, Rab18 is shown to cycle between cytosol and 

secretory granules and interact with secretory granules to repress exocytosis upon activation of 

the regulated secretory pathway, suggesting a role of Rab18 as a brake for secretion. Therefore, it 

is possible that Rab18 may control some secretory factors crucial for neurodevelopment. In this 

study, the Rab18-mutant mice exhibited severe hind limbs ataxia and reduced cerebellar size by 

approximate 20%. We found that the foliation pattern of cerebellum was alterebd and the number 

of Purkinje cells was decreased in Rab18-mutant mice at P28. However, no significant 

differences were found in the thickness of granule cell layer and molecular layer as well as the 

Purkinje cell density. Furthermore, the proliferation of granule cells in the external granule cell 

layer of Rab18-mutant cerebella revealed no alterations. We will next focus on the deficits of 

cerebellum in Rab18-mutant mice and further elucidate functions and molecular mechanisms of 

Rab18. The study of the pathophysiological role of Rab18 during neurodevelopment will help to 

solve the mysteries of cerebellar malformations in human diseases. 
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Abstract: Gulf war illness (GWI), a chronic multi-symptom heath problem, affects over a third 

of 700,000 veterans served in the Persian Gulf War-1. Memory problems and depression are the 

major symptoms related to brain. While the precise etiology is unknown, epidemiological studies 

imply that exposures to anti nerve gas agent pyridostigmine bromide (PB), pesticides such as 

DEET and permethrin, and stress during the war underlie GWI in a significant fraction of 

veterans. This supposition has been supported by studies in animal models. Our studies in a rat 

model have shown that exposures to these GWI-related chemicals (GWIR-Cs) and mild stress (5 

min restraint stress) for 4 weeks is sufficient to cause memory and mood dysfunction associated 

with decreased hippocampus neurogenesis and increased oxidative stress and inflammation. 

Here, we investigated the efficacy of treating rats with resveratrol (RESV; a potent antioxidant 

and anti-inflammatory compound), a month after their exposure to GWIR-Cs and stress for 

improving memory, mood and dentate neurogenesis, and easing oxidative stress and 

inflammation. Adult male SD rats were exposed daily to GWIR-Cs DEET (40 mg/kg), 

permethrin (0.13 mg/kg) and PB (1.3 mg/kg) and 5-minutes of restraint stress for 4 weeks. A 

month later, a group of these rats received daily RESV (40 mg/kg, SQ) for four weeks while 

another group received vehicle (VEH). Both groups also received 5ô-bromodeoxyuridine (BrdU) 

during the last 7 days of treatment for analyses of neurogenesis. Cognitive tests done two months 

after treatment showed improved memory function in RESV treated GWI-rats, in contrast to 

VEH treated GWI-rats. This comprised improved spatial learning and memory retrieval ability in 

a water maze test, proficiency for location and recognition memories in object location and novel 

object recognition tests. Moreover, RESV treated GWI-rats displayed better mood function, 

which was indicated through reduced latencies to eat food in novelty suppressed feeding test and 

reduced immobility times in forced swim test. Furthermore, in comparison to VEH-treated GWI-

rats, the hippocampus of RESV treated GWI-rats presented greater level of neurogenesis when 



quantified through BrdU, BrdU-NeuN and doublecortin assays, reduced expression of genes 

encoding oxidative stress response, reactive oxygen species metabolism and oxygen transporters, 

increased expression of antioxidant genes, and reduced numbers of ED-1+ activated microglia. 

Thus, RESV treatment has promise for reversing brain dysfunction in GWI. It appears that 

improved neurogenesis, decreased oxidative stress and inflammation mediated by RESV 

underlie the beneficial effects. 
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Abstract: Choline deficiency can alter the development of fetal brain. Epidermal growth factor 

(EGF) is pivotal for neural progenitor cell (NPC) proliferation in the embryo. To address the 

possibility that EGF signaling pathway plays a functional role in the effect of choline deficiency, 

we cultured NPCs derived from E14 mouse hippocampus and cortex, then treated them with low 

choline (5 µM) or medium choline (70 µM). Low choline significantly suppressed the 

phosphorylation of EGF receptor (EGFR) and activation of downstream effectors ERK1/2 and 

Akt after stimulation of NPCs with EGF. Moreover, low choline decreased the EGFR protein 

expression and half-life in NPCs. There were no changes observed on the EGFR mRNA 

expression and degradation of EGFR protein. However, low choline remarkably inhibited the 

EGFR nascent protein synthesis. Pregnant Nestin-CFP transgenic mice were fed either a choline-

deficient (CD) or control (CT) diet from days 11 to 17 of pregnancy and then E17 fetal brains 

were studied. In CD fetal cortex and hippocampus, expression of EGFR expression was 



decreased. Similar decreased expression was observed in cell sorted CFP-positive cells using 

fluorescence-activated cell sorting (FACS). Our findings reveal that choline deficiency 

influences NPC proliferation by suppressing EGFR signaling pathway, which might have long-

term effects in the brain. 
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Abstract: Krüppel like factor 4 (KLF4) is a very versatile transcription factor (TF) that can act 

as an oncogene or as a tumor suppressor due to its ability of regulating the expression of several 

cell cycle regulators. The role of KLF4 during the central nervous system (CNS) development 

has been recently uncovered indicating that KLF4 protein levels decrease as the mouse brain 

develops and accordingly, KLF4 overexpression during early embryonic days affects the 

differentiation of ependymal cells causing hydrocephalus. Moreover, neural precursor cells 

(NPCs) derived from transgenic mice that overexpress KLF4 in the CNS, present a reduced 

proliferative ability and a preferential acquisition of a gliogenic fate over a neurogenic one. In 



addition, neurons derived from KLF4-overexpressing NPCs fail to migrate and to differentiate 

adequately. These data suggest that KLF4 expression must be tightly regulated during the early 

CNS development. In this sense, microRNAs (miRNAs) are small RNAs (19-21 nt) that bind to 

the 3' untranslated region (3' UTR) of their target mRNAs and negatively regulate their 

expression at the post-transcriptional level. Additionally, miRNAs regulatory potential is crucial 

for differentiation of distinct cell types including neurons. Based on the dynamic KLF4 

expression profile during the CNS development and on the KLF4 ability to control the cell cycle, 

we were interested on determining whether KLF4 expression is regulated by miRNAs during the 

early stages of neurogenesis. Bioinformatic, functional and molecular analyses revealed that 

KLF4 is a direct target of miR-7 and that regulation of KLF4 by miR-7 has functional 

implications in different cellular processes including cell proliferation and cell migration. In part, 

this result from misregulation of KLF4 target genes involved in cell cycle control such as p21 

and Cyclin D. Taken together, these findings indicate that miR-7 can control cell cycle by 

directly regulating KLF4 expression and indirectly some of its target genes. 
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Abstract: The capacity of retinal regeneration varies substantially across different vertebrate 

species, but consistently involves Müller glia as the cellular source for progenitors. Although 

retinal regeneration is robust in fish, the regeneration in birds and mammals is limited. After 

retinal injury, Müller glia in the avian retina can undergo de-differentiation, proliferation, some 

progeny differentiation as neurons, while most cells remain as undifferentiated progenitor-like 



cells. The signaling pathways that influence the formation of Müller glia-derived progenitor cells 

(MGPCs) are slowly being revealed, whereas the coordination and cross-talk between these 

pathways remains largely unresolved. The purpose of this study was to investigate whether 

Hedgehog-signaling is a key node in the signaling network of MGPC formation. In NMDA-

damaged retinas, we found that Hedgehog-signaling is dynamically up-regulated in Müller 

glia/MGPCs, and inhibition of Hedgehog-signaling decreases numbers of MGPCs. By 

comparison, activation of Hedgehog-signaling increases the formation of MGPCS in moderately 

damaged retinas, but is not sufficient to induce the formation of MGPCs in the absence of injury. 

Fibroblast growth factor 2 (FGF2) alone induces the formation of MGPCs in undamaged retina. 

We found that Hedgehog-signaling is necessary for FGF2-induced MGPCs as inhibition of 

Hedgehog-signaling with KAAD-cyclopamine, a SMO inhibitor, inhibits progenitor cell 

formation. Data is provided suggesting that KAAD-cyclopamine attenuates MGPC formation by 

preventing the accumulation of MAPK effectors in Müller glia. Additionally, co-application of a 

smoothened-agonist with FGF2 leads to an increase of MGPC formation. We conclude that 

Hedgehog-signaling stimulates the formation of proliferating MGPCs in acutely damaged 

retinas. Further, in undamaged retinas, our data indicate that FGF2/MAPK-signaling recruits 

Hedgehog-signaling to enable the de-differentiation and proliferation of MGPCs. 
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Abstract: Elaboration of the cerebral cortex requires exquisite orchestration of cellular events 

through coordinated exchange of information between distally located cells. One mechanism by 

which intercellular communication is achieved is through the transfer of exosomes. Exosomes 

are vesicles that carry lipids, nucleic acids, and proteins and are detectable in most biological 

fluids including cerebrospinal fluid (CSF). Here we report that CSF vesicle concentrations, 

including that of exosomes, and vesicle content undergo age dependent fluctuations. CSF 



vesicles encapsulated miRNAs that contain a conserved recognition sequence. We found that 

proteins important for miRNA recognition are found in vesicles produced by human choroid 

plexus epithelial cells and that they decreased with age in CSF. To determine the significance of 

declines in CSF exosomes in development we performed bioinformatic analysis of CSF vesicle 

miRNAs and in vivo inhibition of exosome release which support the hypothesis that exosomes 

mediate a developmental switch in signaling pathways. These results provide insight into 

exosomal exchange of miRNAs within the brain and a framework to understand how changes in 

exosomes may have an important impact on brain development. 
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Abstract: Calcium activity has been shown to have an effect on the cell cycle during brain 

development in in vitro and ex vivo conditions. The calcium activity in acute slices obtained from 

the embryonic brain has been shown to occur in different patterns such as singular events, 

synchronized coupled activity in neighboring cells as well as calcium waves. Calcium waves 



have been found in the ventricular zone and shown mostly to be comprised in radial glia cells 

population, a transient cell type existing mainly in the period of active neurogenesis. In ex vivo 

conditions, it has been shown that calcium waves occur spontaneously and propagate by 

extracellular ATP rise and involve IP3-mediated intracellular calcium release. The disruption of 

the calcium waves during the peak of embryonic neurogenesis decreases cell proliferation in 

vivo. However, the properties of the calcium waves in vivo are poorly studied so far. Here we 

present the method for the calcium imaging in live mouse embryos connected to the mother at 

the age E13-E15. Prior to the imaging the embryos were injected with the acetoxymethyl ester 

form of different calcium dyes intraventricularly in utero. The embryos were positioned in a 

custom made chamber for stable fixation of the embryos that allows keeping the embryos 

connected to the anesthetized mother through the umbilical cord where two-photon imaging of 

the embryonic brains was performed. The physiological conditions of the embryos have been 

monitored by the blood flow level. Spontaneous singular calcium activity events were detected. 

To study the properties of the calcium wave propagation we stimulated a small group of cells (3-

5) by means of high power laser emission from the same infrared laser as used for imaging. In 

the control conditions the stimulation of the cells caused calcium waves propagated through 

340±240 cells/mm^2 (n=20) in the field of view. The strong stimulation of the cells always 

caused the calcium increase in the neighboring groups of cells. In case of injection of non-

selective ATP receptors blocker suramin together with the calcium dye the calcium level 

increases were detected either confined in the zone of laser emission (3-5 cells) or recruiting 

significantly less number of cells (56±51 cells/mm^2; n=16) than under control conditions. On 

the contrary, the number of cells involved was increased after injection of caffeine (1190±370 

cells/mm^2; n=15). Altogether, in vivo data demonstrates the possibility of calcium wave 

induction and propagation in the embryonic brain together with different pharmacological 

manipulations using the aforementioned method. 
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Abstract: Neurons in the neocortex can be classified into two primary groups, excitatory 

neurons and inhibitory interneurons, which are precisely and intricately interconnected to form 

functional circuits for various behavioral controls. Excitatory neurons in the neocortex are 

produced by radial glial cells (RGCs) in the ventricular zone of the dorsal telencephalon and they 

migrate radially along the radial glial processes into the cortical plate. In contrast, most if not all 

inhibitory interneurons are generated in the ganglionic eminence (GE) of the ventral 

telencephalon and they migrate tangentially over a long distance to reach the neocortex. 

Although extensive studies over the past decade have provided a comprehensive view on the 

production and positioning of excitatory neurons, our understanding of interneuron neurogenesis 

remains limited. Recently, we have identified the progenitor cells in the medial ganglionic 

eminence (MGE) responsible for producing more than 60% of neocortical interneurons are 

RGCs in nature, which typically exhibit a bipolar morphology with a ventricular endfoot and a 

long basal process. Using retroviral labeling, we found that most RGCs in the MGE possessed a 

highly diverse basal endfoot structure that was closely associated with nearby vasculature 

throughout the embryonic development. Further time-lapse imaging experiments indicated that 

the interaction between RGCs and vasculature was actively maintained and this interaction may 

be critical for the proliferation and maintenance of the interneuron radial glial progenitors. 

Amongst the large group of integrin receptors critical for cell-cell/ECM adhesion, integrin beta1 

(Itgb1) has been shown to contribute to regulating the proliferation, maintenance and survival of 

neural stem cells. Our immunostaining results showed that Itgb1 was highly expressed in the 

RGCs in the MGE. Conditional knockout of Itgb1 specifically in the MGE led to a significant 

increase of RGCs that failed to interact with nearby vasculature. Furthermore, neocortical 

interneuron cell number was significantly decreased in Itgb1conditional knockout mice at P21, 

indicating the interaction between RGCs and vasculature mediated by integrins is important for 

proper interneuron production. We are continuing to analyze these defects in interneuron 

production and link these defects to the proliferation and maintenance of progenitors in the 

MGE. 
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Abstract: Regenerative processes in brain pathologies require the production of distinct neural 

cell populations from endogenous progenitor cells. To study how epigenetic factors regulate a 

regenerative response of parenchymal progenitors in white matter after hypoxia, we have used a 

mouse model of neonatal hypoxia that reproduces all the landmarks of brain injury observed in 

premature infants, including DWMI. In this model, we have previously demonstrated that - one 

week after hypoxia - the regenerative and proliferative response of oligodendrocyte progenitor 

cells (OPCs) was regulated by the Cdk2-p27Kip1 pathway. Since functional activity of cell cycle 

proteins is dependent on phosphorylation and acetylation status, we studied the role of Sirt1 

(NAD dependent deacetylase) in the regulation of the Cdk2 signaling pathway in OPCs after 

hypoxia. Immunocytochemical studies demonstrated that hypoxia upregulated total number of 

Sirt1+ and NG2+Sirt1+, cells, as well as their proliferative potential. A higher expression of 

Sirt1 mRNA transcript was observed in FACS purified NG2+ cells after hypoxia. Furthermore, 

knockdown of Sirt1 protein or blockage of Sirt1 activity with sirtinol (Sirt1 inhibitor) caused a 

significant decrease in OPC proliferation after hypoxia. Finally, inactivation of Sirt1 also 

promoted OPC differentiation to oligodendrocytes. Molecular studies revealed that hypoxia 

enhanced Sirt1 levels and Sirt1/Cdk2 complex formation. Sirt1 deacetylated retinoblastoma (Rb) 

in the Cdk2/Rb/E2F1 complex, leading to dissociation of E2F1 and enhanced OPC proliferation. 

Blockage of Sirt1 activity in cultured cells enhanced expression of acetyl-lysine for Rb after 

hypoxia, indicating its lower acetylation status. Our results indicate that Sirt1 is an essential 

regulator of OPC proliferation and oligodendrocyte regeneration after neonatal brain injury. 

Therefore, enhancing Sirt1 activity may promote oligodendrocyte recovery after DWMI. 



Disclosures:  B. Jablonska: None. M. Gierdalski:  None. A. Liachauco: None. J. Cabrera-

Luque: None. T. Hawley: None. V. Gallo: None. 

 

Poster 

496. Proliferation: Molecular Mechanisms 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 496.17/B26 

Topic: A.02. Neurogenesis and Gliogenesis 

Support: VA Merit Award to AKS (Dept of Veterans Affairs) 

 Emerging Technology Funds (State of Texas) 

Title: Long-standing effects of exposure to gulf war illness related chemicals and mild stress on 

the expression of genes encoding oxidative stress and inflammation in the hippocampus 

Authors: *G. SHETTY
1,2,3

, B. HATTIANGADY
1,2,3

, B. SHUAI
1,2,3

, A. K. SHETTY
1,2,3

 
1
Inst. for Regenerative Medicine, TAMHSC Col. of Med. at Scott & White, Temple, TX; 

2
Olin 

E. Teague Veterans' Med. Center, CTVHCS, Temple, TX; 
3
Mol. and Cell. Med., Texas A&M 

Hlth. Sci. Ctr. Col. of Med., College Station, TX 

Abstract: Impairments in cognition and mood are the major CNS related symptoms seen in Gulf 

war Illness (GWI), a chronic multi-symptom illness afflicting nearly 250,000 veterans who 

served in the 1991 Gulf War. Epidemiological studies have suggested that synergistic interaction 

of pyridostigmine bromide (PB, given to troops to shield against nerve gas agents) and pesticides 

such as DEET and permethrin (used copiously to protect against pest-borne diseases) with or 

without stress underlie GWI in a significant fraction of GW veterans. Our studies in a rat model 

have shown that exposures to these GWI-related chemicals (GWIR-Cs) and mild stress (5 min 

restraint stress) for 4 weeks cause hippocampus-dependent spatial and location memory 

impairments as well as a greatly declined neurogenesis. To understand mechanisms, we 

examined whether exposure to GWIR-Cs and mild stress causes enduring alterations in the 

expression of genes encoding oxidative stress and inflammation in the hippocampus. A group of 

adult male SD rats were exposed daily to DEET (40 mg/kg), permethrin (0.13 mg/kg) and PB 

(1.3 mg/kg), and 5-minutes of restraint stress for 4 weeks. Another group received VEH and 

handling. Six months later, hippocampi were analyzed for the expression of 84 genes relevant for 

oxidative stress via qRT-PCR array. Expression of multiple genes related to inflammation was 

also analyzed. Hippocampi from rats exposed to GWIR-Cs and stress displayed upregulation of 



multiple genes related to oxidative stress response (Gpx1-3, Gpx5-6. Gclm, Txnip, Park7, Als2, 

Gsr, Gclc, Prdx1-2, Ercc6, Ctsb, Dhcr24, Txnrd2, Nudt1, Sqstm1, Cat, Hmox1, Nqo1, Txnrd1, 

Psmb5, Gpx4, Gpx7, Prdx6, Prnp, Sepp1, Apoe, Idh1, Tpo, Ercc2, Duox2, Mpo, Ucp3), ROS 

metabolism (Cyba, Noxo1, FMo2, Scd1, Ccs, Sod2-3, Ucp2), and oxygen transport (Mb, Cygb, 

Dnm2, Ift172, Slc38a1, Fancc, Ngb). Presence of increased oxidative stress was also revealed 

through upregulation of multiple antioxidant genes (Ptgs1, Prdx1-6, Gstk1, Gpx1-7, Sod3, Ehd2, 

Gstp1, Cat, Txnrd1, Srxn1, Gsr, Apc, Ctsb, Txnrd2, Ptgs1, Lpo). Furthermore, rats exposed to 

GWIR-Cs and stress showed up-regulation of several genes that promote inflammation (NF-əB, 

IL-1Ŭ, IL6, Csf2, Bcl6). Additionally, a gene encoding blood-brain-barrier leakage (Vegfa) was 

immensely upregulated and a gene having a role in maintaining Redox balance (Fox03) was 

severely downregulated. Genes encoding anti-inflammatory proteins (IL4 and IL10) were 

unaltered however. Thus, oxidative stress and inflammation likely underlie the persistent 

cognitive dysfunction observed in GWI. From this viewpoint, antioxidant and anti-inflammatory 

drug therapies seem ideal for treating GWI. 
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Abstract: The ErbB receptor family mediates effects in numerous tissues and cellular contexts. 

Signaling through the ErbB receptors is often altered in cancers. Increased ErbB signaling, 

mainly ErbB1 (EGFR) and ErbB2, can lead to increased proliferation and invasiveness of tumor 

cells. Intracerebroventricular infusion of epidermal growth factor (EGF) induces 

hyperproliferative polyp-like dysplasia in the subventricular zone (SVZ) of the adult rodent 

brain. EGF induces a differentiation shift in the subventricular zone towards a highly 

proliferative glial cell type, while the generation of neuronal progenitor cell is strongly 

diminished. Interestingly, blood vessels develop in about 30% of the polyps after continuous 

EGF infusion for 14 days. Structurally, the newly formed vessels are of a disorganized and 

glomeruloid appearance, sometimes as bundles sprouting from a single SVZ blood vessel, and 

other times as a highly vascularized ventricle wall. These vessels are to a large extent covered by 

pericytes strongly expressing NG2. The angiogenic area shows multi-luminal vessels and signs 

of immaturity based on ultrastructural characteristics, such as a thickened endothelial cell layer. 

As polyp growths progresses, microglia/macrophages accumulate in the polyp core concurrent 

with increasing cell death. Both microglia/macrophage accumulation and cell death peak during 

angiogenesis and decline after polyp vascularization. EGF infusion into the adult rodent brain 

causes substantially reduced neuroblast production; however, after EGF infusion into the 

juvenile brain (starting at postnatal day P21) the number of neuroblasts (DCX) and glial 

progenitor cells (Sox2, Olig2) in the SVZ was not altered. In the juvenile brain the number of 

DCX was reduced, and the number of Sox-2 and Olig2 cells was increased only if animals had 

received whole brain irradiation at P9 (8Gy) prior to EGF treatment. Hyperproliferative polyps 

were formed after EGF infusion at both P21 and P80 in both naive and irradiated animals. This 

indicates that stem and progenitor cells capable of extensive proliferation are present even in the 

irradiated SVZ. 
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Abstract: Thyroid hormone is a critical regulator of brain development. For instance, low levels 

of maternal thyroid hormone during gestation leads to cretinism in humans. Nevertheless, the 

specific effects of direct action of thyroid hormone on different regions of the brain are not well 

understood. To address this issue we have developed a method for direct application of thyroid 

hormone to distinct parts of the Xenopus laevis tadpole visual system. Crystalline 

triiodothyronine (T3) was diluted into melted coconut oil, which was then injected via 

micropipette and picospritzer into either the 3rd ventricle near the optic tectum or into the eye. 

These animals were treated with CldU, a thymdine analogue, in order to label newly-divided 

cells and then sacrificed 2 days later. We found that T3 placed in the brain increased the rate of 

proliferation nearly tenfold relative to animals that received T3 in the eye. In contrast, T3 in the 

eye increased the rate of proliferation in the ciliary region by fivefold, whereas T3 in the brain 

had no effect on retinal proliferation. In another experiment, we electroporated the tectum with 

morpholinos against type 3 iodothyronine deiodinase (DIO3), which converts T3 to reverse T3, 

an inactive form of thyroid hormone. We found that DIO3-knockdown increased the rate of 

proliferation in the tectum, likely by increasing the local concentration of active T3. Combining 

DIO3 morpholino treatment with systemic exposure to methimizole, which blocks thyroid 

synthesis in the thyroid gland, prevented the increased proliferation seen with DIO3 morpholino 

alone. These experiments suggest that T3 acts locally in the tectal progenitor cells to regulate 

their proliferation. Last, we sought to examine the effects of local T3 on arborization of tectal 

neuron dendrites. We electroporated tectal neurons with GFP and after 7 days, when the neurons 

had already acquired a complex dendritic arbor, we injected T3 coconut oil into the 3rd ventricle. 

We imaged the GFP-expressing neurons with a 2-photon microscope the day before T3 delivery 

and each day afterward for 3 days. We found that T3 treatment significantly increased dendrite 

arbor length and branch tip number by 66% and 73%, respectively. These experiments 

demonstrate that thyroid hormone can act directly on specific neural circuits and have a 

substantial impact on brain development. 
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Abstract: Neural crest cells (NCCs) are a transient embryonic population which diversify into 

many cell types, including peripheral neurons, pigment cells and the majority of the craniofacial 

skeleton. The mechanisms by which these fate choices are regulated remain elusive. Cranial 

NCCs enter the pharyngeal arches and switch to an ectomesenchymal fate, upregulating Dlx2. 

Those cranial NCCs that do not enter the arches maintain the expression of early crest markers, 

and will form non-ectomesenchymal derivatives, including those that contribute to the peripheral 

nervous system. Previous work has shown that this switch to an ectomesenchymal fate at least in 

part involves FGF signalling. However, NCCs are also exposed to other signalling pathways, 

including SHH, BMP and WNT, and it is unclear how they respond to these. We find that the 

presence of Wnt in NCC-explant cultures has clear effects causing huge depletion of NCC 

numbers; conversely, FGF allows survival and growth of NCC-explants in culture. We also show 

in vivo that although Shh is expressed in the pharyngeal arch epithelia, NCCs do not appear to 

respond to this signal. We have also shown that NCCs respond to BMP signalling in vivo, though 

a role of BMP in NCC fate switch has yet to be elucidated. 

Disclosures:  R. Carr:  None. A. Graham: None. 

 

Poster 

497. NeuronïGlia Interactions During Development 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 497.01/B30 

Topic: B.01. Neurotransmitters and Signaling Molecules 

Title: The role of serotonin in running-induced neuronal activity 



Authors: *C. HAINER
1
, F. KLEMPIN

1
, A. MACMAHON

2
, M. BADER

1
, N. ALENINA

1
 

1
MDC Berlin, Berlin, Germany; 

2
Columbia Univ., New York, NY 

Abstract: Serotonin (5-hydroxytryptamine) is a small biogenic amine with functions in the 

peripheral as well as the central nervous system (CNS). As neurotransmitter, serotonin was 

recently shown to be necessary for the running-induced increase in adult neurogenesis, the 

generation of new neurons in the dentate gyrus (DG). The mechanisms coupling physical activity 

with neuron formation via serotonin are not yet fully understood. This project aims at 

investigating brain areas that are affected by serotonin signaling during exercise. Mice lacking 

the enzyme TPH2 with central serotonin deficiency (TPH2 -/- mice) have been generated in the 

Bader lab and serve as an effective tool for this study. Analysis was done with TPH2 -/- mice in 

comparison to serotonin competent (TPH2 +/+) animals. Methods used in my study comprise 20 

min sessions of forced running on a rodent treadmill. Neuronal firing was detected by labeling 

expression of the immediate early gene c-Fos on histological brain slices. Surprisingly, no 

changes in c-Fos expression have been observed in serotonergic neurons of the brain stem raphe 

nuclei. However, quantification of c-Fos expression in the DG revealed a significant increase in 

activated neurons in TPH2 +/+ as well as TPH2 -/- animals after running. These data show a 

condition rather than a genotype effect. Thus, the observed result seems to be serotonin 

independent and other neurotransmitters may mediate running-induced cell activation in the DG. 

Further analysis will be done for other brain regions. Studying intracellular signaling 

mechanisms is of great clinical importance for the development of novel therapeutic approaches. 
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Abstract: Functional maturation of astroglia is characterized by the development of a unique, 

ramified morphology and the induction of several important functional proteins, such as 

glutamate transporter GLT1. Although pathways regulating the early fate specification of 

astroglia have been characterized, mechanisms regulating postnatal maturation of astroglia 

remain essentially unknown. Here we employed a new in vivo approach to illustrate and 

quantitatively analyze developmental arborization of astroglial processes in multiple brain 

regions. Our analysis found a particularly high increase in the number of VGluT1+ neuronal 

glutamatergic synapses that are ensheathed by processes from individual developing astroglia 

from P14 to P26 when astroglia undergo dramatic postnatal maturation. Subsequent silencing of 

VGluT1+ synaptic activity in VGluT1 knockout (KO) mice significantly reduces astroglial 

domain growth and the induction of GLT1 in the cortex, but has no effect on astroglia in the 

hypothalamus where non-VGluT1+ synaptic signaling predominates. Electron microscopy (EM) 

was used to analyze the localization of GLT1 relative to the synapse showed that significantly 

fewer perisynaptic astrocytic contacts in the cortex of VGluT1 KO mice. To further determine 

whether synaptically released glutamate mediates VGluT1+ synaptic signaling, we 

pharmacologically inhibited and genetically ablated metabotropic glutamate receptors (mGluRs, 

especially mGluR5) in cortical astroglia and found that the developmental arborization of 

astroglial processes and expression of functional proteins such as GLT1 is significantly 

decreased. In summary, our genetic analysis provides new in vivo evidence that VGluT1+ 

glutamatergic signaling, mediated by the astroglial mGluR5 receptor, regulates the functional 

maturation of cortical astroglia during development. These results elucidate a new mechanism 

for regulating the developmental formation of functional neuron-glia synaptic units. 
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Abstract: Central norepinephrine (NE) neurons comprise a small yet diverse population of cells 

that vary in their anatomical location, connectivity, and response to disease and environmental 

insult. NE neurons project to virtually all areas of the central nervous system, and they play an 

essential role in a wide range of behavioral and physiological processes. Recently, we identified 

four NE neuron subpopulations derived from progenitors located in different rhombomeres of the 

embryonic hindbrain (Nat Neurosci 16:1016-23). Because they are defined genetically, these NE 

subpopulations are accessible for experimental manipulation in mice via a genetic intersectional 

strategy. Here we describe a suite of new mouse strains that will permit these experiments and 

can also be adapted to studies of other neuronal populations. A triple-recombinase responsive 

fluorescent indicator allele uses the Dre/rox, Flp/FRT, and cre/loxP recombinase systems to label 

neuron cell bodies and axons at the intersection of three distinct gene expression domains. This 

allele can therefore reveal additional diversity within the rhombomere-derived subpopulations, 

including the subpopulation derived from rhombomere 1 (r1) which encompasses the 

functionally important locus coeruleus (LoC). A similar strategy was used to generate a triple-

recombinase responsive effector allele expressing the hM3Dq DREADD receptor, which will 

permit us to directly link structural and behavioral consequences of altered NE signaling during 

development to a specific subpopulation of NE neurons. Furthermore, two new recombinase 

driver alleles, a Dre recombinase knock-in allele of Engrailed 1 and a Dre-dependent cre knock-

in of the dopamine ɓ-hydroxylase gene, will allow any cre-responsive indicator, effector, or 

conditional knockout allele to be expressed in the r1-derived NE subpopulation, thus granting 

unprecedented ability to control locus coeruleus development and function. 
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Abstract: Successful repair in demyelinating diseases, such as multiple sclerosis, is dependent 

on the development and maturation of oligodendrocyte progenitor cells (OPCs). A better 

understanding of molecular mechanisms of oligodendrocyte development through the study of its 

regulatory factors will provide important clues for potential therapeutic strategies. Our lab has 

previously identified the SRY-box containing gene 17 (Sox17) as a transiently expressed High 

Mobility Group-domain factor that positively regulates oligodendrocyte development in vitro by 

promoting cell cycle exit and differentiation of OPCs. To expand upon these studies, a novel 

CNPase-based conditional Sox17 knockout mouse (Sox17 cko) was used to study the effects of 

Sox17 ablation on oligodendrocyte development and remyelination in the subcortical white 

matter (SCWM). In the absence of injury, Sox17 knockout animals show reductions in both 

RNA and protein levels of myelin proteins, as well as increased numbers of delaminated axons 

by electron microscopy at P30. In addition, Sox17 cko mice show motor deficits on inclined 

beam tests relative to controls, suggesting that abnormalities in myelination are functionally 

significant. To understand how this phenotype arises, cellular analysis of the developing SCWM 

was performed. Results showed persistent deficits in total numbers of Olig2+ and CC1+ cells in 

Sox17 cko during development, likely due to apoptotic death in CC1+ cells, as a 4-5 fold 

increase in cleaved caspase3+/CC1+ positive cells was observed in Sox17 cko at P30. A pro-

survival function for Sox17 in oligodendrocytes is supported by recently published data using in 

a CNP-Sox17 transgenic mouse (Ming et al., J. Neurosci 2013 33(30):12528-12542). In this 

study, oligodendrocytes with high Sox17 were resistant to lysolecithin-induced cell death, due to 

increased levels of Gli2 and its downstream effector Bcl2, an anti-apoptotic protein. Consistent 

with this data, Sox17 cko mice show reduced numbers of oligodendrocytes expressing Gli2 and 

Bcl2, indicating regulation of the SHH pathway during normal development. Ongoing work with 

Sox17 cko mice is also testing whether Sox17 has similar functions in remyelination following 

cuprizone- or lysolecithin-induced demyelination. Preliminary analysis suggests that Sox17 cko 

mice have fewer surviving, newly-born oligodendrocytes after 3 weeks of cuprizone treatment. 

Future experiments will determine whether this is due to impaired survival of newly formed 

oligodendrocytes and/or failure to mobilize OPCs for regeneration.  
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Abstract: Fibroblast growth factors (Fgfs) and their receptors have various morphological, 

regulatory and endocrine effects on the developing and adult CNS. Inactivation of Fgfr1 results 

in reduced hippocampal volume, disruption of corpus callosum and hippocampal commissure 

due to abnormal midline glia development. A decrease in FGFR1 expression in the dorsal 

telencephalon leads to postnatal loss of cortical interneurons expressing parvalbumin (PV). 

Neuronal imbalances between excitatory and inhibitory neurons have been seen in patients with 

schizophrenia, autism, bipolar disorder, Tourette syndrome and attention-deficit/hyperactivity 

disorder. A previous study shows that FGFR1 is mostly expressed in neurons. Here, we use a 

transgenic reporter line, the tgFGFR1-EGFP BAC transgenic line (GENSTAT) where EGFP is 

regulated under the FGFR1 promoter, to demonstrate FGFR1 is expressed mostly in astrocytes, 

along with neurons, oligodendrocytes and Sox 2 positive cells. Previous staining of one month 

tgFGFR1-EGFP mice with antibodies against PV and GFP showed interneurons expressing PV 

did not colocalize with cells expressing GFP. We report that FGFR1 in E14.5 mice is strongly 

expressed in the hippocampal hem, choroid plexus and cortical ventricular zone, and weakly 

expressed in the medial ganglionic eminenece (MGE). FGFR1 is expressed in radial glial cells 



undergoing soma translocation in P7 mice. In one month old mice, 57% ± 0.9% of cortical GFP 

positive cells colocalize with GFAP positive astrocytes and 25% ± .5% of cortical GFP positive 

cells colocalize with NueN positive neurons. Also SOX2 positive cells colocalize with GFP 

positive cells in the dentate gyrus of the hippocampus and subventricular zone of one-month old 

mice. Understanding which cell types express FGFR1 may elucidate its role in neuropsychiatric 

disorders and brain development. 
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Abstract: Two Schwann cell (SC) types are present in the peripheral nervous system: 

myelinating and non-myelinating SCs. Both types originate from the same progenitor, the 

immature SC, which develops from neuronal crest cells. The sequential expression of 

transcription factors and developmental markers characterize the distinct SC types in the lineage. 

The electrophysiological properties of these cells are only rarely studied in ex vivo slices so far. 

First hint that SCs could express neurotransmitter receptors for glutamate was shown in 

invertebrates. Furthermore, neurotransmitters, including glutamate, are able to induce changes of 

SC membrane potential in the giant squid axons (Lieberman and Sanzenbacher, 1992; Villegas et 

al., 1987). Moreover, different studies done in cell culture (Liu and Bennett 2003) or with 

immunohistological methods (Dememes et al. 1995) show that SCs in vertebrates could express 

different types of glutamate receptors. We investigate the receptor expression on SCs in more 

natural conditions. In addition, we want to determine and characterize SCs in ex vivo slices. We 



developed a new preparation of sciatic nerve slices of late embryonic (E16-18) and early 

postnatal mice (P0-P2). Using patch clamp recording and immunohistological analyses, we could 

(dependent on the age) characterize two (E16-E18) or three (P0-P2) electrophysiologically 

different SC types. These SC types differ in their expression of voltage-dependent sodium and 

potassium channels. First analyses show that they express tetraethylammonium (TEA) and 4-

aminopyridine (4-AP) sensitive delayed rectifying potassium channels. During patch-clamp 

recordings we included a fluorescent dye into the pipette solution, so we could combine the 

electrophysiological properties of the different SC types with their morphological features. These 

analyses show that SCs before birth display higher number of processes and branches whereas 

SCs after birth have longer but a lower number of processes and less branches. Using the fast 

pressure-application system, we want to investigate whether SCs in acute slices express 

functional ionotropic glutamate receptors and whether SC types differ in their expression. 

Application of 1mM glutamate induced an inward current in at least two SC types and in both 

age groups. The evoked current is sensitive to the AMPA/kainate blocker GYKI53655, 

indicating that functional glutamate receptors of the AMPA/kainate type are expressed. 
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Abstract: Precise control of the formation, maintenance and turnover of synapses is critical for 

the correct functioning of the nervous system. Aberrant synaptogenesis, either congenital or due 

to injury, can underlie epilepsy, autism and other neurological diseases. We have previously 

shown that hevin is an astrocyte-secreted molecule that promotes the formation of synapses by 



bridging pre- and post-synaptic molecules. Astrocytes and microglia secrete a close homolog of 

hevin, called SPARC (secreted protein, acidic and rich in cysteine). SPARC is not synaptogenic; 

on the contrary SPARC specifically blocks hevin-induced synapse formation, whilst having no 

effect on the pro-synaptogenic activities of other known promoters such as thrombospondins. 

SPARC has also been shown to downregulate AMPA receptors at the synaptic cleft, and reduce 

the size of the presynaptic vesicular pool at cholinergic synapses. Taken together, these findings 

indicate the SPARC is a pro-immaturity factor that blocks the formation and maturation of 

synapses in the CNS. This function of SPARC may be important for keeping synaptic 

connections plastic during critical developmental periods. The mechanism by which SPARC 

specifically inhibits the prosynaptogenic function of hevin has not yet been elucidated. 

Therefore, here we investigated three possible mechanisms by which SPARC may inhibit hevin-

induced synaptogenesis: 1. SPARC binds to and sequesters hevin; 2. SPARC competes with 

hevin for binding of its synaptic receptor; 3. SPARC blocks hevinôs synaptogenic signaling by 

activating an inhibitory signaling pathway within neurons. Determining the mechanism by which 

SPARC inhibits hevin during synaptogenesis will further our understanding of this critical 

process. 
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Abstract: Contribution of microglia to neurogenesis under different pathological conditions is 

unclear. Both pro and anti-neurogenic effects reflect the heterogeneity of microglial activation. 

We have utilized an in vitro model system to co-culture microglia with mechanically damaged or 

undamaged primary neurons. Accelerated and increased expression of Nestin, Ŭ-internexin, ɓ-

tubulin III, and NeuN was observed in damaged neurons co-cultured with activated microglia. 

Western blot analysis revealed an increase of 118.5 ± 21.3% (p=.064) in Nestin expression in 

damaged neurons co-cultured with activated microglia as compared to controls. Alpha-internexin 

expression increased 67.0 ± 27.1% (p=.009) and immunofluorescence increased 109 ± 2.1% 

(p=.0001) in neurons one day after damage and co-culture with activated microglia. ɓ-tubulin III 

immunofluorescence increased 96.1 ± 1.9% (p=.0001) after one day of co-culture and 623.8 ± 

7.22% (p=.0001) at four days of co-culture with activated microglia. By seven days of co-

culture, GFAP expression decreased by 26.2 ± 8.4% (p=.028) and NeuN expression increased 

40.2 ± 26.2% (p=.0069) in damaged neurons suggesting that neurogenesis and neuronal survival 

was enhanced in the absence of significant astrogliogensis. Transition to a neurogenic microglial 

phenotype may involve regulation of protein expression via non-coding RNAs and epigenetic 

modification. RT-RCR analysis of microRNA (miR) in microglia co-cultured with undamaged 

and damaged neurons revealed significant increases in let-7c, miR-124, and miR-9 expression. 

Co-culture of microglia with undamaged neurons increased let-7c expression by 8.5 fold ± 2.008 

(p=.038) and miR-124 expression by 9.8 ± 1.29 (p=.002) as compared to control microglia. Co-

culture of microglia with damaged neurons increased let-7c expression by 12.2 fold ± 3.94 

(p=.009) and miR-124 expression by 9.9 ± 0.86 9(p=.0001) as compared to control microglia. 

MiR-9 expression is specifically increased (4.6± .64 fold) in microglia co-cultured with damaged 

neurons as compared to microglia co-cultured with undamaged neurons (p=.037) suggesting a 

specific regulatory role for miR-9 in neurogenic microglia. A 1.74 ± .02 fold increase (p=0.031) 

in H3K9me1 levels was seen in activated microglia co-cultured with damaged neurons. MiR9 

and H3K9 methylation may regulate protein expression in microglia. RT-PCR and ELISA 

analysis confirmed significant decreases in Ccl3/MIP1-Ŭ and TNF-Ŭ mRNA and protein in co-

cultures of activated microglia and damaged neurons. Our data suggests that microglia possess 

modifiable properties to become potential targets for neuroprotective therapies. 
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Abstract: The dynamic communication between astrocytes and neurons is critical for synapse 

formation and maturation within the CNS. Defects in this bi-directional communication may 

underlie the pathology of neurological diseases such as autism, depression, and epilepsy. Hevin, 

an astrocyte-secreted synaptogenic protein, regulates the maturation of both pre- and post-

synaptic specializations of excitatory synapses. Previously, we identified the post-synaptic cell 

adhesion molecule neuroligin (NL) as a post-synaptic receptor for hevin. NLs (1-3) are required 

for hevin-induced synapse formation of retinal ganglion cells in vitro; however, if NL/hevin 

interaction is important for synapse formation and maturation in vivo was not known. We found 

that, in vivo, hevin and NL1 co-localize in the mouse visual cortex. To determine if hevin-NL1 

interactions control synapse formation in the visual cortex, we knocked down NL1 with shRNA 

in layer 2/3 cortical neurons by in utero electroporation (IUE) in wild type and hevin KO 

animals. We found that knockdown of NL1 in wild type brains reduces the density of all 

dendritic spines, in particular mature mushroom spines and increased the length of all spines 

types in layer 2/3 pyramidal neurons. In contrast, knockdown of NL1 in the hevin KO 

background resulted in no changes to dendritic spine length or density. These findings show that 

hevin and neuroligin-1 are required for proper dendritic spine formation and maturation within 

the visual cortex. Additionally, we find that hevin protein levels are profoundly elevated in wild 

type brains with reduced NL1. These data suggest that hevin is required for NL1-abundance 

dependent competitive synaptogenesis and may be regulated via activity-dependent mechanisms. 

In summary, our findings identify a mechanism whereby neurons and astrocytes communicate to 

establish the synaptic connectivity within the brain. Both hevin and NLs are linked to 

neurological disease, therefore, these data may give novel insight into neurodevelopmental 

disorders wherein the balance of neuroligin and/or hevin is altered such as in autism. 
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Abstract: Neural development is controlled by region-specific factors that regulate cell 

proliferation, migration and differentiation. Pituitary adenylate cyclase-activating polypeptide 

(PACAP) is a neuropeptide that exerts a wide range of effects on different cell types in the brain 

as early as the fetal stage. The distribution of PACAP and its specific receptor, PAC1-R mRNA 

during development suggests that PACAP is associated with differentiation or proliferation of 

neural progenitor cells (NPCs)1. However, little is known about the role of PACAP in NPCs. 

Previously, we reported that PACAP induced differentiation of cultured mouse embryonic NPCs 

into astrocytes2. Here, we report that the effect of PACAP in vivo on the glial differentiation. We 

studied the localization of PAC1-R during neural development by use of immunohistochemistry. 

PAC1-R immunopositve cells were observed in the sub-ventricular zone in E14 mouse embryo. 

Double-immunostaining showed that immunoreactivity for PAC1-R was co-localized with cell 

proliferation marker, Ki67 and radial glia marker, vimentin. Astrocyte marker, GFAP-positive 

cells appeared around the ventricle from E16. GFAP-immunopositive cells appeared in the 

region where PAC1-R immunoreactivity was strongly expressed. These data suggest that 

endogenous PACAP leads NPCs to differentiate into radial glia then astrocytes. Addition of 

PACAP into primary cultured-NPCs increased the expression of another radial grail marker, 

GLAST after 4 days. The expression of GFAP was up-regulated 6 days after PACAP 

administration. Furthermore, intracerebroventricular injection of PACAP into the ventricle of 

telencephalon of E13 embryos in utero increased the number of GLAST immunopositive cells 

and decreased the number of nestin immunopositive cells. These data suggest that PACAP plays 

crucial roles in the differentiation of NPCs into astrocytes via radial grail lineage. 1 Watanabe J 

et al. Peptides. 2007; 28(9):1713-9. 2 Watanabe J et al. J Neurosci Res. 2006; 84(8):1645-55. 
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Abstract: Establishment of synaptic adhesions is the critical first step in the construction of 

neuronal circuits. Interactions between presynaptic Neurexins (Nrxs), and postsynaptic 

Neuroligins (NLs) coordinate the formation of synaptic adhesions. An isoform/splice variant-

dependent code determines the compatibility of Nrxs and NLs for interactions, and thereby 

contributes to the target recognition between axons and dendrites. However, the presence of 

synaptic linkers that can bridge incompatible Nrx-NL pairs across the synaptic cleft, thus 

strengthen the synaptic adhesions was unknown. Using a combination of in vitro and in vivo 

approaches we found that an astrocyte-secreted synaptogenic protein, hevin organizes pre- and 

post-synaptic specializations by interacting with Nrx1-alpha and NLs respectively. 

Mechanistically, hevin links Nrx1Ŭ and NL1 to each other transcellularly by bridging these 

otherwise incompatible isoforms. These findings show that astrocyte-secreted hevin is a synaptic 

linker protein that links Nrx1-alpha and NLs trans-synaptically and thereby control synapse 

formation and maturation. 
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Abstract: Perinatal malnutrition can lead to permanent damage in brain morphology, physiology 

and neurochemistry. The hippocampus is a structure particularly sensitive to nutritional 

alterations during development. Dentate gyrus is characterized as the most proliferative 

hippocampal region. As hippocampus is a structure responsible for the mechanism of learning 

and memory, alterations in its astrocitary populations may affect this process. Besides their role 

in neuronal nutrition and support in ionic concentrations, other important function of astrocytes 

is related to the secretion of neurotrophic factors, that may be associated to neurogenesis. In this 

study, we evaluated the effect of protein malnutrition restricted to the 10 first lactation days on 

cell proliferation and precursor glial cells distribution in dentate gyrus. This study was approved 

by our University Ethics Committee (CEA/055/2009). Wistar male rats on postnatal day 5 (P5), 

10 (P10), and 15 (P15) were used. The animals were settled in two groups: control group (CG) 

and malnourished group (MG). CG dams were fed ad libitum with a normoprotein diet (22% 

protein) during gestation. During the first 10 days of lactation MG received a 0% protein diet. On 

each age studied animals were anesthetized and perfused with saline solution 0,9%, 

paraformaldehyde (PF) 4% and PF 4% plus sucrose 10%. Sections of 20ɛm were immunostained 

using anti-vimentin and anti-Ki -67 antibodies, revealed with a secondary antibody conjugated 

with Alexa 555 and Alexa 488, respectively and observed at a fluorescence microscope. Our 

analyses show that during the development, vimentin positive cells tend to concentrate in the 

polimorfic and molecular layers. But, in MG, these cells can be seen through all the dentate 

gyrus and at age (P15), they are more visible in the polimorfic layer (PL) next to the granule 

layer, while the immunostainings of CG seem to be equally distribuited in this layer. The Ki-67+ 

cells are found disperse in both groups, but MG presents a much more difused distribuition than 

CG, that is more uniform and contains more imunostainned cells (CG - 99.80 ± 9.272 N=3; MG - 

35.53 ± 9.327 N=3; p<0,05). At P10, with apparently lesser positive cells than the previous age, 



it is possible to observe that the less stained layer is the molecular one in MG and the granular 

layer in CG. At P15, the densest area with Ki-67+ cells is the PL next to the granular layer to 

MG and the center of PL to CG. The present study demonstrates that protein restriction may 

modify the pattern of vimentin and cell proliferation in the dentate gyrus. 
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Abstract: Environmental enrichment and physical activity have been shown to upregulate OPC 

proliferation rates (Ehninger et al., 2011; Okuda et al., 2009; Simon et al., 2011). However, not 

all agree on the fate of these newly divided OPCs. We looked at rates of OPC proliferation and 

differentiation in response to a sustained programme of learning and conditioning that targeted 

multiple neural networks in the hopes of maximising the possible changes in OPC dynamics. 

BrdU was administered through the miceôs drinking water. When looking strictly at OPC 

proliferation, 3-5 month old CD-1 mice were exposed to a programme consisting in a radial arm 

maze task, which utilizes reference and working memory, an operant conditioning task, and the 

Morris Water Maze, which draws on spatial memory. The training programme had to be 

modified for the NG2Cre/R26S-EYFP transgenic mice used to study differentiation as they 

showed increased levels of toxicity to BrdU. The programme administered in the differentiation 

phase of the study consisted in the Barnes Maze, which measures short- and long-term memory 

as well as spatial memory, and an operant condition task. Preliminary results show that a 

sustained programme of learning and conditioning increases the proportion of newly proliferated 



OPCs in the cortex and that in response to such a programme, OPCs either remain 

undifferentiated or adopt an oligodendroglial phenotype. 
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Abstract: Astrocytes are the most abundant cell type in the mammalian brain and are important 

for the functions of the central nervous system (CNS). Although previous studies have shown 

that the STAT signaling pathway or its regulators promote the generation of astrocytes from 

multipotent neural precursor cells (NPCs) in the developing mammalian brain, the molecular 

mechanisms that regulate the astrocytic fate decision have still remained largely unclear. Here, 

we show that the high mobility group nucleosome-binding (HMGN) family proteins, HMGN1, 2 

and 3, promote astrocyte differentiation of mouse NPCs during brain development. HMGN 

proteins were expressed in NPCs, Sox9+ glial progenitors and GFAP+ astrocytes in perinatal and 

adult mouse brains. Forced expression of either HMGN1, 2 or 3 in mouse NPCs in cultures or in 

the late embryonic neocortex increased the generation of astrocytes at the expense of neurons. 

Conversely, knockdown of either HMGN1, 2 or 3 in mouse NPCs suppressed astrocyte 

differentiation and promoted neuronal differentiation. Importantly, overexpression of HMGN 

proteins did not induce the phosphorylation of STAT3 or activate STAT reporter genes. In 

addition, HMGN family proteins did not enhance DNA demethylation and acetylation of histone 

H3 around the STAT-binding site of the gfap promoter. Moreover, knockdown of HMGN family 

proteins significantly reduced astrocyte differentiation induced by gliogenic signal ciliary 



neurotrophic factor (CNTF), which activates the JAK-STAT pathway. Therefore, we propose 

that HMGN family proteins are novel chromatin regulatory factors that control astrocyte fate 

decision/differentiation in parallel with or downstream of the JAK-STAT pathway through 

modulation of the responsiveness to gliogenic signals. 
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Abstract: D-Serine is an endogenous co-agonist for synaptic N-methyl-D-aspartate receptors 

(NMDAR). Here we examined the neurophysiological significance of D-serine, a known 

gliotransmitter, in regulating synaptic transmission and axonal remodeling in the developing 

visual system. Acute D-serine (100 µM) wash-on enhances NMDAR currents of optic tectal 

neurons. Conversely, degradation of D-serine by RgDAAO reduces evoked NMDAR currents. 

To investigate the pathways involved in modulating D-serine release in the optic tectum, we used 

D-serine-sensitive amperometric biosensors and found that Ŭ-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) application results in an increase in D-serine release, 

presumably by activating non-NMDARs on glial cells. These results indicate that in the 

retinotectal system, the NMDAR glycine site is not saturated under normal physiological 

conditions in vivo, D-serine is an endogenous agonist of the NMDAR and its release is 

modulated by AMPA receptor activation. We next tested whether chronically elevating D-serine 



levels could influence the maturation of glutamatergic synapses. We find that tadpoles raised in 

elevated levels of D-serine (100 µM) for 2 days have higher frequencies of miniature excitatory 

postsynaptic AMPAR currents and higher retinotectal synaptic AMPA/NMDA ratios compared 

to control animals. To examine the effects of D-serine on axonal development, retinal ganglion 

cells were electroporated to express EGFP and 2-photon images were collected daily over 4 

days. We found that increasing available D-serine results in less complex retinal axons arbors. 

These findings are consistent with the hypothesis that D-serine enhancement of NMDAR 

currents promotes synaptic maturation and leads to stabilization of axonal branches. Taken 

together, these results suggest that D-serine levels are modulated by glutamatergic 

neurotransmission in vivo and can influence the maturation of retinotectal synapses and circuit 

refinement. 
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Abstract: NG2-expressing cells, the main pool of progenitors in the CNS, have the primary role 

of generating myelinating oligodendrocytes in the developing brain. These progenitors are 



unique non-neuronal cells that receive bona fide synaptic inputs from neurons. However, our 

understanding of synaptic physiology of NG2 cells is still limited because it derives only from 

studies based on averaged synaptic currents generated by the stimulation of unidentified neurons. 

In the developing somatosensory cortex, NG2 cells receive a major GABAergic synaptic input 

from interneurons, but how these progenitors are wired and integrate interneuronal networks 

remains unknown. By using paired recordings and holographic photolysis, we investigated the 

dynamics of synaptic transmission at the level of unitary interneuron-NG2 cell connections in 

acute somatosensory cortical slices of vGAT-Venus;NG2-DsRed transgenic mice during the 

second postnatal week. Among the heterogeneous cortical population of interneurons, we 

identified fast-spiking interneurons (FSIs) as a preferential presynaptic input of NG2 cells. 

Quantal analysis revealed that interneurons innervate NG2 cells through single or double release 

sites. Both fast-spiking (FSI) and non-fast-spiking cells (NFSI) contact NG2 cells, but these two 

neuronal populations target distinct anatomically segregated subcellular domains that differ on 

the postsynaptic receptor subunit composition. In addition, holographic photolysis was very 

effective in photo-activating interneurons at a single cell resolution in order to build connectivity 

maps of interneurons innervating NG2 cells. Using this technique, we found that the spatial 

arrangement of interneuron-NG2 cells connections is more local than those of interneuron-

pyramidal cell connections, forming a specific subnetwork characterized by a local 

microarchitecture. Our findings on unitary interneuron-NG2 cell connections uncover specific 

rules of synaptic connectivity for these progenitors that differ from those of classical neuronal 

GABAergic synapses in the neocortex. Also suggest that FSIs, beyond their role in neocortical 

networks, play important roles in controlling NG2 cell function. 
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Abstract: Norepinephrine (NE) neurons in the central nervous system support a range of 

essential behaviors, including attention, stress, memory and appetite. The molecular mechanisms 

that contribute to this divergence of adult NE neuron function are unknown. Recently, we 

classified mature NE neurons based on differences in developmental gene expression history. 

We defined four subpopulations that differ in their anatomical location, efferent projection 

pattern and axon morphology. One of these subpopulations, defined by the expression of the 

homeobox gene Hoxb1, consists of NE neurons that are distributed across the pons and medulla. 

Interestingly, this Hoxb1-derived NE subpopulation has a propensity to project to key 

components of the central autonomic nervous system. However, it is unclear if Hoxb1 expression 

is required for the development of these NE neurons and therefore important for central 

autonomic function. A previous study by Gaufo et al 2004, suggested that Hoxb1 is required for 

the specification of medullary NE neurons based on the absence of Dbh mRNA within 

rhombomere 4 (r4) of the Hoxb1-null embryonic hindbrain. In the current study, we employed a 

recombinase-based intersectional genetic strategy to selectively label Hoxb1-derived NE neurons 

with eGFP, and all other NE neurons with mCherry, thus enabling us to trace the long-term fate 

of all NE neurons in the context of the Hoxb1-null mutation. We mapped these populations onto 

the mature anatomically defined pontine (Subcoeruleus (SubC), A5) and medullary (A1 and A2) 

NE nuclei and counted the number of mCherry and eGFP positive NE neurons. In the pontine 

SubC and A5 nuclei, we observed a striking absence of Hoxb1-derived NE neurons. In contrast, 

mapping of Hoxb1-null NE neurons onto the medullary A1 and A2 nuclei revealed a significant 

increase in the number of Hoxb1-derived NE neurons. This increase in the number of eGFP-

positive NE neurons is likely due to the ectopic expression of cre which has been reported in 

Hoxb1-null embryos caudal to r4. In summary, we have demonstrated a requirement for Hoxb1 

in the proper development of a subset of Hoxb1-derived NE neurons. Studies are ongoing to 

examine the effects of the Hoxb1-null mutation on NE neuron efferents throughout the brain, 

particularly in regions important for the regulation of central autonomic function. Results from 

these studies promise new insight into how Hoxb1 contributes to the generation of functionally 

divergent subsets of NE neurons 
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Abstract: Introduction: the canonical definition for the lining of brain ventricles introduce us to 

the single layer of multiciliated cells named ependyma; however, new findings specially at 

lateral ventricle has yielded information about additional and distinct cell elements further the 

multiciliated surface, influencing the cell proliferation in this neurogenic niche. In this field, the 

axonal signaling occurring on the lining epithelia seems to make an important contribution to the 

regulation of neurogenesis. Using a high-resolution and ultrastructural analysis provided by 

High-Resolution Scanning Electron Microscopy (HRSEM) and Transmission Electron 

Microscopy (TEM), we demonstrate the proper anatomical details about the innervation of 

different ciliated cells present on surface of neurogenic niche of lateral ventricle. Methods: we 

used adult male Long-Evans rats (n=10). For HRSEM, following a whole mounting dissection of 

lateral ventricle, the samples were post-fixed in OsO4 1%, dehydrated, dried and covered with 

gold ions and examined in field emission scanning electron microscope. For TEM, the brains 

were perfused, reduced and immersed in modified-Karnovsky solution. After sectioning, post-

fixation was done in OsO4 1%, followed by dehydration and embedding in Spurr resin. Semi-thin 

sections confirmed the lining surface region and ultrathin sections were examined in TEM 

microscope. Results: we observed a heterogeneous pattern for cilia distribution throughout the 

different poles of the lateral ventricle surface. Besides the canonical definition about the 

multiciliated cells lying on the ventricular surface, we corroborate that the lateral ventricle lining 

also contains single/primary cilium and biciliated cells, with its peculiar lenghts; we also 

demonstrated axonal bundles and varicose axons on ependymal surface surrounding and 

contacting these cells, but not in its totality. The axonal contacts making synapses were also 

confirmed by TEM. Therefore, we provide a unique ultrastructural methodology that describes 

the tridimensional in situ organization of lateral ventricles lining, regarding to the discrete 

innervation on the surface elements, in a way to corroborate the available functional findings 

about the heterogeneity of factors regulating this neurogenic niche. 
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Abstract: While the localization and function of cannabinoid CB1 receptors in astroglia, and 

CB2R receptors in microglia are well established, the CB2 receptors expression and function in 

astroglia remains controversial. Primary mixed cultures of astrocytes and microglial cells were 

grown from 1-day old rat brain cortices. Once confluent, microglial cells grown on the bed of 

astrocytes were separated by mechanical shaking and were grown separately. The resulting 

astroglial and microglial cells were used for immunocytochemical, biochemical and 

pharmacological studies. Immunocytochemical double-labeling studies showed that cells 

expressing microglial specific marker CD11b were stained positive for CB2 receptors. Whereas, 

the astroglial cultures, expressing the specific marker, glial fibrillary acidic protein (GFAP) were 

also stained positive for the cannabinoid CB2 receptors besides CB1 receptors. Quantitative 

western blot analyses showed a single immunoreactive band at 62 KDa that increased with 

increase in cell lysate protein when probed with an anti-CB1R antibody. The cell lysate, when 

probed with an anti-CB2R antibody, showed a smaller, but prominent immunoreactive protein 

band at 40 KDa, the immunoreactivity of which was blocked by a CB2R blocking peptide, thus 

confirming it was indeed a CB2R protein band. To determine if the CB2R in astroglial cells is 

functional, the agonist-induced cAMP inhibition was measured. The mixed agonist WIN 55212-

2 (1ɛM) inhibited about 61% of forskolin-induced cAMP accumulation (80.87±5.08 nmol/well) 

which was attenuated either by the CB1 receptor-selective antagonist /inverse agonist, AM 

251(25 nM), or by the CB2 receptor-selective antagonist/inverse agonist, AM 630 (100nM). 

However the inhibition was not additive when both of these antagonists were added, suggesting 

an integrated signaling response. Our findings suggest that CB2 receptors are constitutively 

expressed in rat cortical astrocytes and microglial cells. Astroglial cells, by expressing both CB1 

and CB2 receptors may integrate their signaling pathways when simultaneously activated by a 

CB1/CB2 agonist. 
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Abstract: Glycogen is a major energy store in astrocytes that provides energy support and 

signals for plasticity to neurons under the form of lactate. While the biochemistry of glycogen is 

well known, the spatial distribution of glycogen granules within astrocytes remains largely 

unknown. To this purpose, we imaged a 220 ɛm
3 
volume of adult mouse hippocampus neuropil 

using a FIB-SEM microscope. This technique allowed us to automatically acquire very thin 

serial section micrographs (5 nm) at very high resolution (5 nm). Perfect isotropy of resulting 

voxels allowed iLastik, a state of art semi-automated software for EM stacks segmentation, to 

rapidly reconstruct every axon, dendrite, and the astrocytic processes present within the volume. 

Glycogen granules inside an astrocyte were recognized by morphology, and manually 

reconstructed using TrakEM2, a widely used tool for manual segmentation of serial section 

electron micrographs. We then used Blender, a three-dimensional modeling software, to 

visualize the entire 3D model in the fully immersive virtual reality CAVE system. This detailed 

walk-in made it very clear that the apparently random cloud of glycogen granules in fact 

appeared in clusters. The DBSCAN algorithm, optimized with the help of Silhuette coefficient, 

determined the extent and number of glycogen clusters. Compared to other clustering algorithms, 

DBSCAN allows extraction of irregularly shaped clusters, and is much more sensitive to noise 

and outliers, making it a perfect choice for our case. We also used the Silhuette coefficient that 

allowed the optimal initialization parameters for DBSCAN, thus validating the clustering. In 

order to determine weather the clusters have a spatial relationship with the pre- or post- synaptic 

elements, we extracted all spines and boutons, as well as their size, using Neuromorph, a 

scientific package available as addons for Blender, designed for detailed morphological analysis 

of the neuropil. Preliminary results indicate a regular 3D organization of glycogen granules, and 

a slight preference for the glycogen granules in astrocytic processes close to presynaptic boutons 

compared to postsynaptic spines (75% vs 25%, respectively). We are aiming to repeat the 



approach using samples from animals undergoing learning protocols in order to asses the 

plasticity of such an arrangement of glycogen granules within perisynaptic astrocytes. 
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Abstract: Astrocyte dysfunction has been implicated in the pathogenesis of psychiatric 

disorders. The role of candidate psychiatric genetic risk factors in astrocytes dysfunction remains 

poorly understood. Here, we studied the effect of dominant-negative mutant Disrupted-In-

Schizophrenia-1 (DISC1) selectively expressed in astrocytes on neuronal maturation and 

differentiation using a co-culture approach. Primary embryonic hippocampal neurons and 

astrocytes were co-cultured using a cell insert system that allows for indirect co-culture of 

distinct cell populations in the absence of direct cell contacts. Neurons from wild-type embryos 

were cultured for 5 days and then were combined with primary control astrocytes or astrocytes 

that express mutant DISC1 . We found that neurons co-cultured with mutant DISC1 astrocytes 

exhibited significantly less elaborated dendritic tree as evidenced by decreased dendrites branch 

level and dendritic branch point after 5 days of co-culturing. Analysis of expression of pre-and 

postsynaptic markers of glutamatergic and GABA-ergic neurons as well as identification of 

putative astrocyte-secreted factors to affect neurodevelopment are in progress. We suggest that 

astrocytic DISC1 impacts neuronal maturation and contributes to risk of major mental illness. 
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Abstract: Underlying the remarkable versatility of the mammalian nervous system are numerous 

mechanisms for functional plasticity. Myelination of axons increase action potential conduction 

velocity, modulating network function; however current mechanisms of plasticity do not 

consider myelination of axons as a factor for functional plasticity. We demonstrate that after 

long-term monocular deprivation (MD) the latency of response in the deprived visual pathway is 

shortened and that this decrease correlates with an enhancement in the differentiation of 

oligodendrocytes and myelination of the optic tract. Our results suggest that oligodendrocyte 

differentiation and myelination are triggered by a reduction in sensory stimuli. Generating a 

conditional knockout of the vesicular glutamate transporter 2 (VGlut2) in retinal ganglion cells 

significantly decreases glutamate neurotransmission along the retinogeniculate pathway and 

phenocopies the changes in myelination detected after MD. Together our results indicate the 

existence of a feedback mechanism between neurons and oligodendroglial cells that tailors 

myelination to functional requirements. 
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Abstract: The survival of altricial infants depends upon the quality of caregiving, exerting both 

immediate and enduring neurobehavioral changes that determine individual differences, with 

maternal maltreatment of pups initiating the pathway to pathology. The mechanism for this 

neurobehavioral effect is incompletely understood. Here we explore one well-documented 

influence on brain development, brain oscillation and assess how the quality of maternal care 

influenced this neural activity. Here we addressed this by recording spontaneous neocortical 

local field potential (LFP) activity for 7 consecutive days in freely behaving infants (~postnatal 

days 12-19) in their natural environment during interactions with their mother. We have 

previously shown that infant cortical activity can be directly influenced by maternal presence and 

her behaviors in the nest, however it is unknown whether prior early-life trauma can modulate 

this maternal influence on infant brain activity. We implanted infant rat pups (PN12) with 

bipolar stainless steel electrodes, targeting the amygdaloid complex and connected to a wireless 

transmitter (DSI) implanted subcutaneously. Prior to implantation, one group of infants was 

reared from PN8-12 with a naturally abusive mother and another group were odor-shock 

conditioned at PN8-12. Both paradigms lead to long-term behavioral deficits. We recorded 

spontaneous amygdala LFP activity in freely behaving infants, specifically assessing changes in 

LFP activity during interactions with the mother and littermates, as well during periods of 

specific behavioral states (i.e., nursing, grooming, milk ejections). Fast Fourier Transform 

analysis (2.4 Hz bins) was used to quantify LFP oscillatory power in theta (5-15Hz), beta (15-

35Hz) and gamma (35-80Hz) bands. We were particularly interested in whether recent trauma 

leads to modifications in the amygdala activity during interaction with the mother and 

littermates. In a separate experiment, we examined the long-term consequences of a learned 

abusive odor (naturalistic maternal odor or artificial conditioned odor) on amygdala LFP activity 

by presenting this odor in adulthood to animals from the same conditions. We show odor-

specific enhancements in LFP power in response to the learned abusive odor, supporting the 

long-term behavioral influence that the learned maternal odor can impose on adult behavior. 

Given the important role of neural activity in shaping circuit development and refinement during 



development, this suggests a powerful direct and long-term influence of maternal care on brain 

development. Key words: maternal care, development, local field potential, amygdala, telemetry 
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Abstract: Early life abuse produces increased sensitivity to threat and a heightened prevalence 

of aggressive and violent behaviors emerging by adolescence in humans. Here we use a rodent 

model of abuse to assess the neurobehavioral development of fear and aggression following early 

life abuse using a Resident Intruder Test (RIT), as well as a novel Threat Response Selection 

Test (TRST), which allows for the assay of active (i.e. fighting, exploration) and passive (i.e. 

freezing, hiding) defensive responses. Furthermore, we assess environmental enrichment as a 

possible way to attenuate abuse-induced deficits in response to threat. Rat pups were reared with 

a normal or abusive mother (postnatal days 8-12), and tested in the TRST at post-weaning 

(PN26-30), adolescence (PN40-45), and adulthood. In this test, individuals were placed in a 

center ñstartò chamber of a three chamber arena and given the option to approach a predator odor 

(fox urine), freeze, or hide in a shelter. The rat was allowed free roam of the apparatus for 5 

minutes, and active and passive fear responses were assessed. In a separate group of animals, 

aggressive behaviors were assessed in the RIT. In this test, animals were single housed for one 

week before introducing a smaller, same-sex intruder into the home cage for 10 minutes. 



Offensive and defensive aggressive behaviors were scored. At all ages, following the TRST or 

RIT, brains were removed for c-Fos immunohistochemistry analyses within the amygdala, 

prefrontal cortex, and hypothalamus. Lastly, the effects of housing animals in a socially and 

physically enriched environment (weaning until time of testing) were assessed on the adult 

response to threat (TRST) after abuse. In the TRST, post-weaning rats that were abused in 

infancy showed heightened avoidance of the predator odor, as well as increased hiding in the 

provided shelter. However, by adulthood, abused rats showed decreased time hiding, and 

increased approach and interaction with the predator odor, relative to control rats. Furthermore, 

early life abused animals show increased offensive behaviors in the RIT, including attacking, 

boxing, pinning, and chasing the intruder. Group differences were found in c-Fos expression 

following the TRST and RIT. Environmental enrichment prevents previously abused adult 

animals from approaching the predator odor in the TRST. Infant abuse alters later life responses 

to threatening stimuli throughout development, making it more likely for one to place itself in 

harmôs way. Understanding the neurobiology of threat responding and its modulation by infant 

experience will provide insight for treatment of fear and aggression-related disorders that occur 

after abuse. 
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Abstract: Disrupted social behavior is a hallmark feature of numerous psychiatric disorders, 

including depression, anxiety and autism (Kennedy and Adolphs, 2012). Moreover, many of 

these disorders have origins in early life and may be exacerbated by infant experiences such as 

early life abuse (Rutter, 1984). Early life abuse negatively affects the development of the 

amygdala- a critical brain area for emotion, learning, and social behavior in both humans and 

other mammals (Phelps and LeDoux, 2005; Rincón-Cortés and Sullivan, 2014). Importantly, 

abnormal amygdala function is a common component of psychiatric disorders and has been 

implicated in the pathophysiology of depression (Anand and Shekhar, 2003; Whalen et al., 

2002). Here we use a naturalistic rodent model of early life abuse associated with mother rats 

roughly handling pups when they are provided with insufficient bedding for nest building. We 

have previously shown that the effects of infant abuse include but are not limited to: disrupted 

attachment to the mother amygdala dysfunction and social behavior deficits (Raineki et al., 

2012). However, while the amygdala has been implicated in social behavior (Félix-Ortiz and 

Tye, 2014), its exact contribution to social behavior deficits following infant abuse is currently 

unknown. Here, we explore the role of amygdala as a mediator of social behavior differences 

following abuse or normal rearing. To this end, infant rat pups were reared with either an abusive 

or normal caregiver from postnatal (PN) days 8-12, received age-appropriate social behavior 

tests throughout early development (infancy, preweaning, adolescence; n=6-8 p/g) and were 

assessed for c-FOS immunoreactivity within the amygdala following social behavior testing. 

Pups reared with an abusive mother from PN 8-12 demonstrated social behavior deficits, as 

indexed by reductions in social interaction time (p<0.05), and atypical amygdala activity 

compared to normally reared pups. However, these changes were only observable at preweaning 

(PN20) and adolescence (PN40-48), suggesting a developmental delay in the expression of these 

deficits. Thus, early life abuse produces long-lasting and persistent changes in social behavior 

and the amygdala that may contribute to the expression of depressive-like behavior during later 

life. However, an enriched social and physical environment during the postweaning period 

attenuates the neurobehavioral consequences of early life abuse, as animals receiving 

environmental enrichment treatment did not show social behavior deficits during adolescence. 
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Abstract: The development of the mesocorticolimbic system has been studied extensively, but 

almost exclusively with regard to dopaminergic output. By comparison, the ontogeny of inputs to 

the ventral tegmental area (VTA), the source of mesocorticolimbic dopamine, is less studied. 

This is not a trivial oversight, as the activity of VTA neurons, which reflects the transmission of 

information about salient events, is sensitively modulated by their afferent connections. We 

recently compared the numbers of retrogradely labeled neurons in adolescent and adult rats 

following injections of the retrograde tracer, cholera toxin ɓ subunit, into the VTA and found 

significantly fewer in the prefrontal cortex and ventral striatopallidum, including the nucleus 

accumbens (Acb), in adolescent as compared to adult brains (JCN 522: 1031-47, 2014). Here, we 

evaluated whether the protracted maturation of Acb inputs to the VTA is reflected in differences 

in the organization of the axonal terminations of Acb neurons in the VTA. Groups of four 

adolescent (postnatal day 29) and seven adult (> postnatal day 60) rats received injections of the 

anterograde tracer, Phaseolus vulgaris-leucoagglutinin (PHA-L), into the Acb shell. Ten days 

later, the rats were perfused and the brains sectioned at 50 ɛm. Three and five adjacent series of 

sections from the adolescent and adult brains, respectively, were collected. One series from each 

brain was immunoprocessed to show PHA-L, mounted in rostrocaudal sequence on glass slides 

and coverslipped. Numbers of varicosities in the VTA were estimated by the optical fractionator 

method with the aid of the StereoInvestigator hardware-software platform (MBF Bioscience, 

Williston, VT). The StereoInvestigator Cavalieri probe was used to assess the volume of the 

VTA innervated by Acb fibers. No difference in numbers or density of varicosities in the VTA 

between adult and adolescent rats was observed. Because overall numbers of Acb neurons do not 

differ in the adolescent and adult brain (JCN, cited above) and, as noted above, fewer Acb 

neurons project to the VTA during adolescence as compared to adulthood, this finding suggests 

that Acb neurons that do innervate the VTA during adolescence have more varicosities than do 

adult VTA-projecting Acb neurons. It follows that VTA neurons may be influenced differently 

by Acb inputs during adolescence and adulthood. 
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Abstract: Stress during the second trimester of pregnancy has been associated with the 

development of both schizophrenia and autistic spectrum disorder. This study examines the 

possible relationship between prenatal stress and schizophrenia by exposing pregnant Sprague-

Dawley rats to three iterations of 45 minutes of restraint stress, from days 15 to 20 of pregnancy, 

and then examining behaviors similar to those commonly observed with schizophrenia in 

humans. Prenatal stress was associated with hyperlocomotion and attenuated weight gain in 90 

day old male, but not 90 day old female, offspring of dams that were stressed during gestation. 

Baseline startle and prepulse inhibition were equivalent across all groups at this age. Cross-

fostering male pups from gestation-stressed to non gestation-stressed dams on day 3 postpartum 

mitigated the hyperlocomotion and the attenuated weight gain observed in prenatally-stressed 

pups.The maternal behavior of gestation-stressed dams had no significant effect on pups cross-

fostered from non gestation-stress dams. These data suggests that certain behavioral and physical 

changes that have been associated with schizophrenia are also observed in the adult male 

offspring birthed and raised by dams exposed to stress during gestation. 
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Abstract: INTRODUCTION The human memory circuit includes thin white matter projections 

(alveus and fimbria), which emanate from inside the hippocampus (HC) and lead out of the 

medial temporal lobe via the fornix. The volumetric trajectory of the HC subfields and, in 

particular, the above-mentioned white matter structures (WM) have received little attention with 

respect to healthy aging. Using precise manual and automatic segmentation methods, our aim 

was to identify if any volumetric changes in constituents of this circuit are associated with 

healthy aging. METHODS High-resolution T1 and T2-weighted MRI images were acquired for 

5 healthy controls (mean age=37 years). A novel tracing protocol that identified the alveus, 

fimbria, fornix, and mammillary bodies was created and used in conjunction with the Winterburn 

HC subfield atlas (Fig A). MAGeT Brain segmentation, previously validated for use in medial 

temporal lobe, was used to automatically segment WM and HC subfields using the high-

resolution atlases on 297 healthy individuals aged 19-94 (mean age=44.85 ± 23.43) from the 

OASIS dataset (See Fig A for sample output segmentation). RESULTS A general linear model 

accounting for sex, and intracranial volume indicated a significant decrease in left and right 

fornix volume with age (respectively; t=-3.27, p<0.001; t=-4.11, p<0.001). The left and right 

alveus (respectively; t=7.16, p<0.001; t=6.58, p<0.001) and left CA1 subfield (t=4.75, p<0.001) 

demonstrated significant increases in volume across age, maintaining the largest effect sizes (Fig 

B). No significant differences were observed in the fimbria, whole-HC or combined WM 

volumes. CONCLUSION Here we present evidence of bilateral increases in CA1 and alveus 

volumes and decreased fornix volume during healthy aging. Previous studies have demonstrated 

preservation of the CA1 subfield in healthy aging; however, the volumetric trajectory of HC WM 

remains relatively elusive. Our results suggest preservation of such structures may be linked to a 

decreased likelihood of developing neuropsychiatric disorders (e.g. Alzheimerôs Disease). 
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Abstract: Introduction: Physically and cognitively stimulating environments affect the nervous 

system throughout the lifespan. During perinatal life, housing in an enriched environment (EE) 

accelerates the maturation of cellular and behavioural measures of murine brain development. 

Additionally, exposing adult mice to EE triggers neurogenesis and neuroplasticity. In this study, 

in vivo magnetic resonance imaging (MRI) is used to compare the neuroanatomical changes that 

occur following exposure to EE during perinatal life and in adulthood. Methods: Pregnant CD-1 

dams were housed in enriched environments (multi-level maze and running wheel in a large rat 



cage) or standard housing (no maze or wheel) conditions. Pups lived in the cage until weaning, at 

which point they were assigned into the same environment they were raised. Pups were 

longitudinally scanned at 2.5, 3.5 and 5 weeks of age with a manganese-enhanced MRI 

(MEMRI) protocol to acquire high-resolution images of the brain. Images acquired at each time 

point were registered and deformed to generate a consensus average. A mixed effects model was 

computed at each voxel relating the volume to the fixed effects of age and group. Multiple 

comparisons controlled for with a false discovery rate (FDR). In the second part of the study, 7 

week old C57Bl6 mice were exposed to EE for 3 weeks and scanned with MEMRI. Results: At 

2.5 weeks of age, enriched pups had volume increases in regions of the hippocampus and 

cerebellum as well as volume reductions in the cortex (10% FDR). Interestingly, the trajectory of 

these differences between enriched and control mice did not change by 3.5 and 5 weeks of age. 

Separately in adults, a significant interaction (time point by group) was found in the 

hippocampus and retrosplenial cortex between the two imaging time points in mice exposed to 

EE. We are currently attempting to replicate these findings in adult CD-1 mice for comparative 

purposes with the cohort of perinatal EE CD-1 mice. Future work: We are currently scanning 1 

week old pups to determine whether the early life neuroanatomical changes are caused by 

exploration in the enriched cage, or developmentally programmed via an epigenetic mechanism. 

Our findings suggest that perinatal EE increases the volume of the hippocampus and decreases 

the volume of the cortex, while adult EE leads to localized volume increases in the hippocampus 

and retrosplenial cortex. 
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Abstract: In rodents, maternal programming of offspring phenotype using classical stressors 

(e.g. restraint, handling) or of combinations of multiple stressors (chronic variable stress) has 

been extensively documented. Imposing these stressors during development of early life 

typically leads to offspring that show an increase in anxiety-like behavior and alterations in 

related neural pathways. However, the precise somatosensory impact or ecological relevance of 

these stressors is not always clear. In this study, we used a prenatal stressor that is evolutionarily 

and ecologically relevant to mice, uniform in its intensity, psychological and unconditioned: 

predator odor. Pregnant mice dams were exposed to 3 different predator odors daily or distilled 

water (control) over the second half of their pregnancy when the fetal stress axis is developing. 

Subsequently, levels of maternal behavior in dams were measured. Furthermore, anxiety-like, 

sociality and anti-predatory behaviors as well as endocrine stress axis reactivity and gene 

expression levels were assessed in stress-related brain areas in adult male and female offspring. 

Predator odor exposure lead to an increase in maternal nest quality while offspring in adulthood 

showed an increase in anxiety-like behavior in a standardized test (EPM), increased social 

investigation and affiliation, increased anti-predator behavior and stress axis reactivity in 

response to predator odor exposure. A number of genes were also found to differ in their 

expression in key limbic structures, the hippocampus and amygdala. Some genes which showed 

altered expression are documented targets of early-postnatal stress while others constitute novel 

markers potentially specific to prenatal predator odor exposure. Consequently, prenatal exposure 

to a potent ecologically relevant stressor leads to an altered integrative phenotype on a 

behavioral, physiological and functional genetic level. Future work will examine potential 

epigenetic mechanisms mediating the persistent effects of prenatal predator odor exposure on the 

adult phenotype. 
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Abstract: The impact of spinal cord inflammation on the operation of locomotor networks 

during development is poorly understood. We show that the kinin-induced changes to central 

sensitization of spinal nociceptive networks occur perinatally. Furthermore, conditions of the 

plasticity of kinin receptors induced functional changes in spinal locomotor networks. We 

investigated the role of kinins (bradykinin (BK) and des-Arg9-bradykinin (DABK)) and their 

receptors (Bradykinin-2 receptor (B2R) and Bradykinin-1 receptor (B1R)), a neurotrophin (glial 

cell-derived neurotrophic factor (GDNF)) and transient receptor potential vanilloid 1 (TRPV1) in 

altering sensorimotor function. Immunohistochemical and pharmacological evidence showed 

expression of B2R, but not B1R, in the dorsal and ventral horns of naïve animals. Basal B2R 

expression was downregulated following either an intrathecal or an in vitro spinal cord 

application of BK (B2R agonist). Basal B1R expression was upregulated by an intrathecal 

injection of GDNF. In hind limb attached to spinal cord (HL) preparations, application of a 

noxious heat stimulus (> 42 °C) to the hind paw with simultaneous activation of B2R by BK in 

the spinal cord resulted in a transient disruption of the locomotor rhythm. Conversely, 

application of noxious heat to the hind paw in the presence of DABK, a B1R agonist, caused a 

sustained disruption of the locomotor rhythm in spinal cords with upregulated B1R. The BK- or 

DABK-induced hypersensitivity of locomotor networks to noxious heat was abolished in the HL 

preparations from trpv1-/- mice. B2R- or B1R-induced hypersensitivity was inhibited in the 

presence of the protein kinase C blocker, chelerythrine. Using a neonatal model of spinal cord 

injury, we are characterizing the changes in the expression of GDNF, kinin receptors and 

activation of glia. These results suggest that early injury and plasticity in the sensorimotor 

networks may impact normal development of sensorimotor function. 
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Abstract: The hippocampal formation (HF) including the dentate gyrus (DG), hippocampus 

proper (CA1-4), and subicular complex [prosubiculum (ProS), subiculum (Sub), 

presubiculum/postsubiculum (PrS/PoS) and parasubiculum (PaS)] is well established for its 

importance in learning and memory, and in the processing of emotion and anxiety. The HF is 

also implicated in many major neurological and psychiatric diseases such as Alzheimerôs 

disease, epilepsy and schizophrenia. Although intensive studies have been carried out in normal 

and abnormal conditions for various species, there remains very limited information on the 

molecular architecture of the different components in the developing and adult human HF. To 

gain insight into molecular cell types across sub-regions, layers, anterior-posterior axis and 

developmental stages of human HF, we have investigated and compared gene expression 

patterns of mid-gestational, postnatal and adult human HF using in situ hybridization data from 

the Allen Human Brain Atlas and Brainspan Atlas of the Developing Human Brain. In mid-

gestation (post-conception week15-21), many genes are expressed in the cortical plate of HF 

including FADS2, FOXG1, FOXP1, ENC1, NRGN, LMO4, GAP43, ETV1 and FEZF2, 

although region-specific expression is not obvious. In adult, conspicuous region-specific gene 

expression was observed in the DG (NPY1R, CALB1, PDYN, PCP4, BDNF, CD8, TRHR, 

GABRD, GRM1 and GRM7), CA3 (SLC1A1, CNR1, GRIN2A, BDNF, GRIK5 and HTR2C), 

CA2 (CALB1, PCP4 and RGS4), CA1 (HTR2A and CARTPT), ProS (TH and NTS), Sub 

(GFRA1, RGS4, ABAT, CDH11, HTR2C, GRIK1 and GRIK2), PrS/PoS (PDYN, PENK, 

GRIA4, NEUROD6 and HTR2A,) and PaS (MAOB and HTR2C). Sub-layer enriched gene 

expression was also detected in the principal layers of CA1 (HTR1A and HTR2C in the upper 

part, and PCP4 in the deep part) and Sub (NEUROD6 in the upper part, and PCP4 & CHRM2 in 

the deep part). Some genes (e.g. PDYN, CARTPT, HTR1A and GABRG1) were expressed 

preferentially in the most anterior (uncal) portion of HF while others were enriched in more 

posterior HF. During postnatal development (3 months -17years), expression patterns of certain 

genes (CALB1 and PDYN) were similar to that in adult, while others (PENK and HTR2C) 

differed between the developing and adult HF. All data for this study is publicly available at 

www.brain-map.org. 
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Abstract: Innate behaviors in mammals are mediated by a connected circuit of limbic system 

structures, which most prominently includes the olfactory system, bed nucleus of stria terminalis 

(BNST), medial amygdala (MeA) and hypothalamus. As innate behaviors are inborn, there must 

be embryonic genetic mechanisms that encode establishment of innate circuits. However, how 

these circuits are established from development remains unknown. Our previous work (Hirata et 

al., Nature Neuroscience, 2009; Carney et al., Neural Development, 2010) revealed a one to one 

relationship between a specialized ventral telencephalic progenitor niche marked by expression 

of the developmentally regulated homeodomain transcription factor Dbx1, and the generation of 

an electrophysiologically homogenous population of neurons in the MeA. Here we further 

demonstrate that Dbx1-derived neurons express a unique profile of genes implicated in sexually 

dimorphic behaviors, and in a complementary pattern to genes expressed by neighboring FoxP2+ 

MeA neurons. Furthermore, consistent with their restricted electrophysiological and molecular 



profiles, Dbx1-derived neurons are selectively activated by restricted subsets of innate behaviors. 

Thus, parcellation of MeA subpopulations based on developmental genetics predicts 

electrophysiological, molecular and behavioral specificity. 
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Abstract: In mammals, the central extended amygdala is a cell corridor of the basal 

telencephalon involved in control of fear responses. Developmental data in mouse have 

demonstrated that it shows a mosaic-like organization with different neurons coming from 

distinct embryonic domains and showing a different genetic profile (Waclaw et al., 2010; Bupesh 

et al., 2011). In the central amygdala neurons coming from the dorsal lateral ganglionic 

eminence (dLGE) express Pax6 and primarily populate the capsular subdivision, overlapping 

with pre-proenkephalinergic (ppENK) neurons; those coming from the ventral lateral ganglionic 

eminence (vLGE) express Islet1 and populate lateral and medial subdivisions, partially 

overlapping with different peptidergic neurons, including those expressing corticotropin-

releasing factor (CRF); neurons coming from the medial ganglionic eminence (MGE) express 

Nkx2.1 and somatostatin (SOM), and primarily concentrate in the medial subdivision. The avian 

central extended amygdala is poorly known, and a central amygdalar nucleus has not been found 

yet. Our aim was to identify the components of the central extended amygdala in the developing 



brain of chicken by analyzing the expression of cPax6, cIslet1, cppENK, cCRF and cSOM, and 

by experimental fate mapping. We observed two distinct cell masses at caudal telencephalic 

levels expressing either Pax6 or Islet1 that appeared to derive from the dLGE-like or vLGE-like 

striatal domains, respectively. We called these two chicken subdivisions the central capsule 

(CeC, rich in Pax6) and the oval central nucleus (Ce-ov, rich in Islet1). Both subdivisions include 

neuron subpopulations expressing either cppENK or cCRF. Another cell mass, the perioval zone, 

appeared to extend from the pallidal domain into the central amygdala, and became interposed 

between the CeC and the Ce-ov. This area contains many cppENK- and some cSOM-expressing 

cells. Our in vitro migration assays combined with immunofluorescence showed that the dorsal 

striatal domain produces cPax6-expressing neurons that mainly populate the CeC, whereas the 

ventral striatal domain produces cIslet1-expressing cells, populating the Ce-ov. Regarding the 

chicken lateral bed nucleus of the stria terminalis (BSTL), like that of mammals, it also contains 

neuron subpopulations coming from the pallidal or the striatal subdivisions (both dLGE- and 

vLGE-like), although in different proportions and locations. In conclusion, we identified the 

central amygdala and the BSTL in chicken, having subcomponents similar to those present in 

mammals based on genetic profile and embryonic origin. 
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Abstract: The use of music as a therapeutic tool can be traced to ancient preliterate cultures. 

However, it was not until recently that music therapy was recognized as an effective treatment 

for various neurological disorders such as non-fluent aphasia, memory and communication 

deficits associated with dementia and limited emotional processing in autism. Research in the 

field has been steadily growing since, but much still needs to be understood regarding the effects 



of music on the brain and body. During early adolescence, the rapidly maturing limbic system 

parallels the increasing capacity to create emotions. The prefrontal cortex, responsible for the 

ability to make rational judgments is one of the last regions to mature. Therefore, the regulation 

of emotions is less restrained and often contributes to long lasting and robust emotional 

relationships made during this time. The objective of this study was to determine which time 

period (adolescence or adulthood) evokes the strongest emotions to self-selected music using 

psychophysiological measures (heart rate-HR and electrodermal responses -EDR) as a measure 

of quantifying emotions. To this end, male or female participants ranged in age from 18-72 years 

of age (N=16) Participants were asked to complete a background questionnaire that consisted of 

demographic questions and a request for a list of 4 songs that they developed a strong connection 

to during adolescence (12 to 17 years of age) and adulthood (>18). Two songs were randomly 

selected from each category and played to the participants in a randomized order while 

simultaneous recordings of psychophysiological responses were recorded. Psychophysiological 

responses were compared with a self-report questionnaire accessing subjective evaluations of felt 

emotions to music selections. Preliminary results show that music altered HR and EDR relative 

to baseline and there was trend reflecting stronger EDR responses to music that corresponded to 

the participantôs adolescence. A better understanding of psychophysiological responses to self-

selected music should help design better therapeutic approaches to treating individuals using 

music therapy to help alleviate deficits incurred via neurological damage. 
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Abstract: Activation of sensory circuits regulates the number of interneurons that express 

specific neurotransmitters (NT) in the brain, as shown in the hypothalamus following stimulation 

of the retino-hypothalamic projection and more recently in accessory olfactory bulb (AOB) 

interneurons after activation of the olfactory nervous system. Frogs use olfactory-mediated kin 

recognition to distinguish siblings from non-siblings via kinship cues; 4-day old Xenopus larvae 

display attraction/aversion behavior to water-borne kin (K)/nonkin (NK) odorants, respectively. 

AOB interneurons were identified by immunocytochemical markers for dopamine (tyrosine 

hydroxylase, TH) and GABA. Following 48 hr exposure to K (sibling condition) or NK (non-

sibling condition) odorants, the extent of TH and GABA expression in the AOB changed 

dramatically, compared to odorant deprivation (orphan condition, O). We found that altering the 

ratio of dopamine/GABA coexpression in AOB interneurons, as well as blocking their receptors, 

reverses kinship recognition behavior. To identify the signalling molecules that mediate kinship 

recognition we performed comparative mass spectrometry analysis of K- and NK-conditioned 

water samples. We identified two vitellogenin-derived peptides (PP1, AVILNGFPESGLS; PP2, 

VVVNPHEAQAS) that were uniquely present in kinship-conditioned samples of one genotype. 

Behavioral tests showed that PP1 is sufficient to elicit aversion behavior in NK larvae and that its 

signaling specificity is lost when the amino acid sequence is scrambled or swapped. MicroRNA 

(miR) regulates many aspects of development. To test miR involvement in regulating NT 

switching we sequenced RNA from AOB tissue of animals exposed to K, NK, and O conditions 

and identified 183 miRs based on their predicted targets, 20 of which were differentially 

regulated across conditions. The miRs showing a substantial fold change matching the up- or 

down-regulation expected according to the kinship-dependent NT phenotype switch were 

selected for qPCR validation. To screen validated miR candidates for their role in NT 

respecification in vivo, locked nucleic acid (LNA) miR inhibitors were delivered via 

electroporation in the AOB during the sensory-induced changes in NT expression. Our results 

show that miR-375 is a potent inhibitory regulator of the dopaminergic phenotype. We are 

currently testing miR candidates expected to regulate the GABA phenotype. Understanding the 

molecular machinery regulating this form of chemosensory-induced neuroplasticity affecting 

behavior may be relevant to behavioral states associated with neurological disorders that involve 

abnormal expression of NTs. 

Disclosures:  D. Dulcis: None. G. Lippi:  None. L.H. Do: None. D.K. Berg: None. N.C. 

Spitzer: None. 

 

Poster 

498. Development of Motor, Sensory, and Limbic Systems 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 



Program#/Poster#: 498.15/C6 

Topic: A.06. Synaptogenesis and Activity-Dependent Development 

Support: UCSD/Salk biology graduate program to DM 

 Ellison Medical Foundation and WM Keck Foundation to NCS and DD 

Title: Neurotransmitter switching in single neurons in the adult rat brain 

Authors: *D. MENG
1,2

, D. DULCIS
1,2

, S. LEUTGEB
1,2

, K. DEISSEROTH
3
, N. C. SPITZER

1,2
 

1
Div. of Biol. Sci., UC San Diego, La Jolla, CA; 

2
Kavli Inst. for Brain and Mind, UC San Diego, 

La Jolla, CA; 
3
Dept. of Bioengineering, Dept. of Psychiatry & Behavioral Sci., Stanford Univ., 

Stanford, CA 

Abstract: The nervous system responds to changes in endogenous activity and the external 

environment by modulating its function through various forms of neuroplasticity, many of which 

occur at synapses. However, it has been believed that neurotransmitters are fixed and invariant in 

the brain. Recent work has demonstrated activity-dependent transmitter respecification in 

neuronal populations both in the developing and adult nervous system. For example, the numbers 

of dopaminergic (DA) neurons and somatostatin (SST) neurons in the hypothalamus of the adult 

rat change in response to altered photoperiods. Long days (19hr:5hr L:D) decrease the number of 

DA neurons and increase the number of SST neurons by the same amount, which leads to 

depression-like behaviors. Short days (5L:19D) elicit the opposite effects. Can single neurons 

switch their transmitter? Despite evidence demonstrating transmitter switching in neuronal 

populations, it remains unclear whether this form of plasticity takes place by single neuron 

reprogramming in the adult brain. We have taken a genetic approach to permanently label DA 

neurons, by injecting the hypothalamic paraventricular nuclei (PaVN) of tyrosine hydroxylase 

(TH)::Cre rats with a Cre-dependent AAV virus expressing EYFP. The originally inverted viral 

EYFP sequence is flipped in neurons expressing TH, and EYFP expression is driven by an 

internal promoter independent of Cre. Since EYFP expression persists during long-day exposure 

when PaVN DA neurons lose TH expression, formerly DA neurons can be identified. Following 

viral injection and long-day exposure, brains were stained for TH and SST and compared to 

controls (12L:12D). If transmitter switching takes place only within single neurons, the formerly 

DA neurons (EYFP+) will lose TH and express SST instead. In contrast, if transmitter switching 

occurs only at the population level, the formerly DA population and the newly acquired SST 

population will remain separate. Our results indicate that EYFP+SST+TH- neurons are present 

following 19L:5D exposure, indicating that these formerly DA neurons have acquired the SST 

phenotype. Additionally, EYFP+SST-TH- neurons and EYFP-SST+TH- neurons are also 

present, consistent with switching at the population level. We are quantifying these results with 

multichannel fluorescence stereology. These findings identify an unexpected flexibility of the 

hardwired connectome. Since transmitter respecification can involve a switch between excitatory 



and inhibitory transmitters that alters behavior, this activity-dependent plasticity may explain a 

variety of normal behaviors and neurological disorders. 
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Abstract: The emergence of bigger brains with enormous numbers of neurons is an evolutionary 

innovation in amniotes, particularly mammals and birds. However, the corresponding changes in 

cortical developmental programs during amniote evolution are poorly understood. In the 

developing mammalian neocortex, neural stem/progenitors in the ventricular zone give rise to 

basal progenitors (BPs) including Tbr2-positive intermediate progenitors and Pax6-positive outer 

radial glial cells (oRGs), which contribute to enhanced neurogenesis and encephalization. Here 

we show that various progenitor populations also exist in the developing avian pallium. 

Interestingly, avian BPs exhibit mammalian oRGs characteristics, which are distiguished from 

Tbr2-positive cell population. Manipulation of regulatory genes for progenitor dynamics such as 

CDK4/CyclinD1 provided distinct outcomes in the mammalian and avian pallium. Furthermore, 

we identified basal mitotic cells in non-avian reptiles and also amphibians, which implies the 

origins of progenitor diversities. Our results suggest that specific BPs have evolved 



independently in mammalian and avian lineages, by modifying ancestral regulatory mechanisms 

for neural stem/progenitor maintenance during amniote evolution. 
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Abstract: Although the basic morphological characteristics of neurons in the cerebellar cortex 

have been documented in several species, virtually nothing is known about the quantitative 

morphological characteristics of these neurons across different taxa. To that end, the present 

study investigated cerebellar neuronal morphology among eight different, large-brained 

mammalian species comprising a broad phylogenetic range: afrotherians (African elephant, 

Florida manatee), carnivores (Siberian tiger, clouded leopard), cetartiodactyls (humpback whale, 

giraffe) and primates (human, common chimpanzee). Specifically, several neuron types (e.g., 

stellate, basket, Lugaro, Golgi, and granule neurons; N = 317) of the cerebellar cortex were 

stained with a modified rapid Golgi technique and quantified on a computer-assisted microscopy 

system. There was a 64-fold variation in brain mass across species in our sample (from clouded 

leopard to the elephant) and a 103-fold variation in cerebellar volume. Most dendritic measures 

tended to increase with cerebellar volume. The cerebellar cortex in these species exhibited the 

trilaminate pattern common to all mammals. Morphologically, neuron types in the cerebellar 

cortex were generally consistent with those described in primates (Fox et al., 1967) and rodents 

(Palay and Chan-Palay, 1974), although there was substantial quantitative variation across 

species. In particular, Lugaro neurons in the elephant appeared to be disproportionately larger 

than those in other species. To explore potential quantitative differences in dendritic measures 

across species, MARSplines analyses were used to evaluate whether species could be 

differentiated from each other based on dendritic characteristics alone. Results of these analyses 

indicated that there were significant differences among all species in dendritic measures. 
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Abstract: Gradients in developmental maturation across the rostro-caudal axis of the isocortex 

align with gradients in adult anatomical features as well as a hierarchy in cognitive processing. 

The maturation (e.g., myelination) of the frontal cortex is protracted compared with more caudal 

regions (e.g., occipital cortex). By adulthood, neurons have more elaborate dendritic branches 

towards the frontal cortex and it mediates more abstract processing than more caudal regions. 

However, very little is known about how evolutionary changes across these developmental 

gradients account for systematic changes in connections across the isocortex. To that end, we 

used HARDI (high-angular resolution diffusion MRI) tractography to compare the strength of 

connections across the isocortex of several primate species (e.g., marmoset, Callithrix jacchus; 

chimpanzee, Pan troglodytes; orangutan, Pongo pygmaeus; human, Homo sapiens). These 

species were chosen because they vary in their brain size and length of developmental schedules. 

We placed regions of interest through the frontal, temporal, parietal and occipital lobes and 

estimated the density of connections within and between each of these lobes. We found that as 

brains expand and overall developmental schedules lengthen, proportionally more tracts arise 

and terminate within the frontal cortex than in more caudally situated regions (e.g., occipital 

lobe). Lengthened developmental schedules may promote increased time for the formation of 

within-frontal cortical connections, resulting in increased frontal lobe within-connectivity in 

adulthood. More generally, these findings highlight that, as primate brains expand, the isocortex 

increases the integration of information within the frontal cortex. 
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Abstract: A prominent asymmetrical brain function in humans is preferential handedness, with 

more than 90% of the population showing more skillful usage of the right hand, which is 

controlled by the left hemisphere. The left hemisphere is also dominant for language, whereas 

the right hemisphere excels in spatial recognition. Even though genetic models of human 

handedness and language have been proposed, the actual gene that underlie these functions in 

humans have not yet been identified. In the current project we used microarrays in both humans 

and macaque monkeys to examine gene expression profiles in three cortical regions involved in 

language or handedness: inferior frontal cortex and posterior superior temporal cortex (which in 

humans correspond to Broca's area and Wernicke's area, respectively) and primary motor cortex. 

As follow up, levels of candidate genes were confirmed using other techniques such as RT-PCR 

and immunohistochemistry. The results demonstrated that the overall pattern of gene expression 

is very similar between hemispheres in both humans and macaques. Therefore, weighted gene 

correlation network analysis (WGCNA) was used to find clusters (modules) of highly correlated 

genes. WGCNA showed that human inferior frontal cortex and posterior superior temporal 

cortex present weaker module preservation between hemispheres. The method also facilitated the 

identification of hub genes in these modules. In sum, bioinformatic analyses of these data 

revealed that the human and macaque monkeyôs interhemispheric expression profiles are very 

similar, although subtle differences appear in human Wernicke's and Broca's areas at the level of 

gene co-expression networks. 
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Title: Asymmetry in the inferior parietal lobe in chimpanzees and its relationship with 

handedness 
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Abstract: The inferior parietal lobe (IPL) is associated with tool-use in humans and non-human 

primates and can be divided into rostral and caudal regions. The rostral portion is involved in the 

execution and observation of grasping, and the caudal portion that is active during visually 

guided arm and hand movements. Previous studies have indicated that areas associated with tool-

use such as the planum temporale (PT) and parietal operculum (PO) have population-wide 

leftward asymmetry in chimpanzees and humans, with an increased magnitude of leftward PT 

asymmetry for right-handed individuals. This study examines if the chimpanzee IPL and its 

rostral and caudal parts show a similar pattern of asymmetry and link with handedness. The 

sample consisted of T1-weighted structural MRI scans from 30 chimpanzees from Yerkes 

National Primate Research Center (23F, 7M, age = 22.1 +/- 2.7 yrs). Volume was calculated for 

the whole IPL, rostral IPL, and caudal IPL bilaterally. IPL regions of interest were based on 

Bailey et al. (1950)ôs map of histologically parcellated areas in the chimpanzee brain. 

Asymmetry quotients (AQ) were calculated for each measure using the formula (R-

L)/[(R+L)/0.5]. Handedness was based on hand preference for a simulated termite fishing task. 

Chimpanzees exhibit population-wide leftward asymmetry for the entire IPL and caudal IPL, and 

rightward asymmetry for the rostral IPL. IPL asymmetries were not correlated with handedness, 

and there was no relationship between magnitude of IPL asymmetry and handedness. The IPL 

and PO appear to follow a similar pattern of population-wide asymmetry that is not correlated 

with handedness. Although tool-use relies on the use of the hand and arm, the processing of 

sensory and motor information is highly integrative and relies on interconnectivity with other 

brain regions. This interconnectivity may have resulted in hemispheric specialization in tool-use 

circuits independent of handedness. 
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Abstract: We performed high-throughput mass spectrometry in individual regions (anterior 

cingulate, primary motor, primary sensory, and primary visual) and layers (III, IV, and V) of the 

neocortex, in the cerebellum (granule cell layer), as well as in the caudate nucleus in humans and 

chimpanzees. A total of 39 mass spectrometry peaks were matched with probable protein 

identifications in both species, allowing for a direct interspecific comparison. We explored how 

the pattern of expression of these proteins varies across regions and cortical layers to provide 

insights into the differences in biological function of these neural structures between species. 

Molecular signatures in the expression of proteins differed principally in a regional and laminar-

specific pattern, while the expression of proteins that differentiate species were less pronounced. 

Specifically, human and chimpanzee brains are fundamentally similar in their distribution of 

proteins related to the regulation of transcription and enzyme activity but differ more markedly 

in their expression of proteins supporting aerobic metabolism. While most work of molecular 

expression differences in the brains of primates has been performed on gene transcripts, our 

unique dataset extends current understanding of differential molecular expression patterns that 

may underlie human cognitive specializations. 
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Abstract: Humanôs closest living relatives are the bonobo (Pan paniscus) and chimpanzee (Pan 

troglodytes), sharing over 98% of our genetic material with the genus Pan. Bonobos and 

chimpanzees themselves are over 99% genetically similar, but despite this, differ greatly in 

behavior and social structure. Bonobos are considered much more tolerant, bond strongly with 

one another and often mediate conflicts through sexual interactions. Chimpanzees, on the other 

hand, form hunting parties, patrol territories and resolve conflicts between and within troops 

through aggression. Recent studies have identified volumetric and neuronal differences between 

the two species in the amygdala, an area of the brain related to social cognition. The amygdala 

serves a role in decision making, memory, attention and emotional responses. In the current 

study, we sought to determine whether the amygdala shows a measureable difference in 

serotonin transporter (SERT) expression between bonobos (N=6) and chimpanzees (N=6). SERT 

is known to regulate the responsiveness of the amygdala to stimuli that provoke fear and 

aggression, with lower levels of expression associated with increased aggression. We labeled 

SERT-containing axons using immunohistochemistry and employed stereological methods to 

estimate their length density. We found that bonobos express a significantly greater density of 

SERT-immunoreactive axons across the entire amygdala, at levels twice those observed in 

chimpanzees (Mann-Whitney U, p = 0.008). These findings suggest that variation in serotonin 

levels in the amygdala mediate, in part, the remarkable differences in social behavior exhibited 

by bonobos and chimpanzees. 
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Abstract: Humans are uniquely susceptible to age-related neurodegenerative pathologies, such 

as Alzheimerôs disease. This vulnerability is likely the result of evolutionary changes related to 

increased brain size and longevity compared to other primates. In humans, healthy aging is 

marked by varying degrees of neural deterioration and cognitive impairment. One region 

particularly affected by aging is the hippocampus, which exhibits a decrease in total volume and 

an increase in glial cell population and activation. Prior studies of great apes, including 

chimpanzees, did not find an age-associated decrease in hippocampus volume or a substantial 

neuronal loss in the CA1 subregion. These reports suggest the great ape brain may age 

differently than the normal human brain. The objective of the present analysis was to examine 

the effect of age on neuronal and glial densities in the hippocampus of chimpanzees, our closest 

living relatives. Using Nissl-stained sections and stereological methods, we quantified neuron 

and glial density in the CA1 and CA3 fields of the hippocampus in a sample of 16 chimpanzees 

(ages 12-58 years). Overall, CA3 possessed higher neuron and glial densities relative to CA1 

(Mann-Whitney, p < 0.01). Variation in neuron densities was associated with age in both 

hippocampal subregions (CA1: p = 0.02, r2 = 0.32; CA3: p < 0.01, r2 = 0.49), while variation in 

glial densities was only correlated with age in the CA3 field (p = 0.030, r2 = 0.296). The ratio of 

glia to neurons in CA1 and CA3 was not altered with age in chimpanzees. Our preliminary 

results demonstrate a moderate, age-related decline of both neuron and glial densities for CA3 

and neuron densities for CA1. Future analyses will reveal if this association remains with an 

increased sample size and is related to neurodegenerative pathologies in these individuals. 
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Abstract: The brain phenotype of the last common ancestor of chimpanzees and humans is 

unknown, but it is usually assumed that humans have undergone a much more dramatic 

divergence from the ancestral condition. Therefore, chimpanzee brains provide the closest 

available model of the expected phenotype from which human brains evolved. The evolutionary 

modifications experienced during human evolution must have been determined by genetic 

variation influencing different brain regions. We address this question by combining 

morphometric analyses with quantitative genetics in order to evaluate the proportion of 

phenotypic variation in different brain areas that is heritable and, therefore, available to 

modification by natural selection. Quantitative genetics uses phenotypic affinities in pedigreed 

populations to estimate the genetic component of phenotypic variation from similarities between 

kin-related individuals. We used a sample of more than 200 chimpanzees for which a well-

documented pedigree is available. Brain anatomy was characterized by means of a set of 

homologous landmarks and some linear distances defined between them. Preliminary results 

show that variables related to primary sensory and motor cortical areas show higher heritabilities, 



whereas cortical association areas, especially inferior frontal regions, show the lowest heritability 

values. Our results underscore the importance that non-genetic, plastic variation in inferior 

frontal association areas may have had in primate brain evolution and development. 

Interestingly, parietal areas, which have been proposed to show increased levels of plasticity in 

modern human brains, show higher heritability than inferior frontal areas in chimpanzees, 

perhaps pointing to increased plasticity in parietal regions as a late acquisition in human brain 

evolution. 
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Abstract: Several cortical association pathways differ in humans compared with other primates. 

In particular, the finding that the arcuate fasciculus is more prominent in humans than in 

chimpanzees and macaques has been used to argue that its expansion is tied to the emergence of 

language. However, it is not clear whether the arcuate fasciculus expanded in isolation or in 

concert with other cortical association pathways in primate evolution. Moreover, the 

developmental mechanisms accounting for the expansion of the arcuate fasciculus in humans 



relative to other primates have gone unexplored. To that end, we used HARDI (high-angular 

resolution diffusion MRI) tractography of brains to compare cortical association pathways (e.g., 

arcuate fasciculus, inferior fronto-occipital tract, inferior longitudinal fasciculus,) in several adult 

and developing primates (e.g., marmoset, Callithrix jacchus; chimpanzee, Pan troglodytes; 

orangutan, Pongo pygmaeus; human, Homo sapiens). We found that each cortical association 

pathway enlarges with a different allometry as developmental schedules lengthen and brains 

expand. The arcuate fasciculus becomes disproportionately enlarged as overall brain size 

increases and overall developmental schedules lengthen. In development, the studied cortical 

association pathways follow a similar sequence of maturation in chimpanzees and in humans. 

For instance, the maturation of the arcuate fasciculus is protracted compared with many other 

association pathways. The lengthened developmental time course of brain maturation in humans 

may give rise to the particularly disproportionate expansion of tracts that mature late in 

development. Taken together, these findings demonstrate that the disproportionate expansion of 

the arcuate fasciculus may be a by-product of lengthened developmental schedules. 
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Abstract: We study the distribution of brain and cortical area sizes (parcellation units (PUs)) 

obtained for three species: mouse, macaque, and human. We find that in all these animals the 

observed distribution of PU sizes is close to log normal. We analyze the model of evolution of 

brain PUs through splitting or fragmentation. We define splitting statistically, by assuming that 

each existing PU has a probability to be split into two more specialized regions that depends on 

PU size only. We show that such a splitting process defined statistically can explain the 



distributions of PU sizes observed in three species, including lognormality and the scale of 

standard deviations. Similar statistical models have been analyzed previously to describe the 

process of explosive shell fracturing and rock grinding, however, in these models fracturing 

occurs independently for different fragments. In contrast, the model that we describe for PU 

fragmentation does not consider PU splitting to be independent for different regions. We find 

that the model that best captures the observed PU distributions includes fracturing that is 

independent on the PU size. This finding suggests that, in the course of brain evolution, PUs 

have approximately similar probability to be split into more specialized regions. The 

evolutionary pressure to specialize, described statistically, applies equally to large and small 

brain regions. 
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Abstract: What are the neural foundations necessary for movement in the environment? In this 

study we use embodied computational models to examine the relation of network structure to 

movement in artificial autonomous agents. Previous studies by members of our group have found 

that random networks tend to settle to a fixed-point state or limit cycle, oscillatory, behavior 

reminiscent of seizures. These behaviors could be quickly evolved into embodied movement by 

applying genetic algorithms to the connectivity. In another set of studies, spatial, laminar 

networks were shown to support persistent activity in cases where density was varied and 

connectivity made heterogeneous. However, the question of how the spatial features of laminar 

network architecture would contribute to interactions with the environment remained open. As 

such, we connected the laminar networks to a chassis and observed the behavior. RoHS 



compliant materials and open source platforms were used in building the embodied agents. 

Specifically, the Arduino platform was used to interface the neural networks running on an 

external computer. The chassis was equipped with servo motors for output motion. Sensory input 

included photoresistors and contact switches. The spatial networks were multi-layered and 

consisted of up to 100,000 spiking units. Simulations included both inhibitory and excitatory 

units connected in columnar geometries. Network density was varied by adding or removing 

units and their connections at 10% increments. Neural activity was initiated with a single initial 

contact to a touch receptor. Unlike the results in random networks, many of the embodied spatial 

networks immediately began to show movement, requiring no learning or evolutionary 

interventions. Specifically, in heterogeneous networks (e.g., density of 60%), embodied forward 

and turning movements correlated to the persistent propagating activity seen in the isolated 

networks. These initial observations suggest that the heterogeneous laminar structure is sufficient 

to generate movements that are reminiscent of nascent embodied motion seen in early 

development and evolution. The results of this study may thus help illuminate why (i) laminar 

architectures and (ii) changes in density are important neural features that appear repeatedly in 

evolution and development. 
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Abstract: Significant evolutionary differences exist across species in terms of relative brain 

structure size, functional architecture, connectivity, and degrees of encephalization, among other 



forms of variation (Streidter 2006). While investigations into brain evolution have traditionally 

examined species differences in adult brains, recent research has increasingly aimed to describe 

the developmental mechanisms responsible for lineage-unique adult neuroanatomy. Embryonic 

development, when progenitor cell pools are established and neurogenesis begins, is of primary 

interest for comparative neurological investigations. Comparative embryology generally utilizes 

staging techniques (e.g. the Carnegie system; OôRahilly & Muller 1999) based primarily on the 

appearance of somatic features to establish morphological equivalence in embryonic 

development. However, staging obscures differences across species in the relative rate of neural 

and somatic development, which is central to understanding early alterations to brain 

development across species. Here we describe interspecies differences in the decoupling of 

neural and somatic development, based on three approaches: (1) our own meta-analysis of 

embryonic literature on the appearance of embryonic traits, combined with those described by 

recent work in Barbara Finlayôs lab (Clancy et al. 2001; Workman et al. 2013; 

www.translatingtime.org); (2) comparative brain morphology at equivalent stages; and (3) 

allometric measurements of brain/body growth during embryonic development. Comparison 

across available species shows that a variety of events in embryonic brain development - e.g. 

neurogenesis, tract formation, etc. - occur significantly earlier in rodent species relative to 

somatic events when compared against non-rodent mammals. Corresponding differences in both 

embryonic brain morphology and brain/body allometry are also examined. These findings are 

discussed in relation to developmental shifts in corticogenesis observed in glires (Workman 

2013), as well as potential evolutionary pressures and developmental mechanisms underlying the 

developmental decoupling of somatic and neural events. 
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Abstract: During the course of evolution, selective expansion of different cortical areas of the 

cortex is a major requirement to increase the complexity of information processing. Indeed, 

gyrification, the folding of the cortical mantle which generates sulci and convolutions, represents 

an optimal evolutionary strategy to increase neuronal populations without increasing head size, 

and is one of the most distinctive morphological features of the brain of primates and humans. 

Understanding the molecular underpinnings of gyrencephaly represents a major challenge in 

neurobiology, and may potentially increase our understanding of brain growth under normal and 

pathological conditions. We previously reported that a single microinjection of Fibroblast 

Growth Factor 2 (FGF2), but not FGF8, into lateral ventricles of mouse embryos before the onset 

of neurogenesis (E11.5) resulted in the appearance of rostrolateral, fully-layered gyri in the 

normally non-convoluted adult mouse brain, which was reminiscent of morphological features of 

gyrencephalic species. In order to investigate the mechanisms of FGF2-induced gyrification, we 

set out to analyze gene expression profiles at different time points after FGF2 injections by 

means of in situ hybridization, real-time quantitative PCR and next-generation RNA sequencing, 

and correlated these data with morphological findings and proliferative dynamics in the region 

undergoing the cortical enlargement. Interestingly, we found that FGF2 did not seem to alter the 

cell cycle or cell survival, but modulated the expression profiles of several proneural genes 

(including Ngn1, Ngn2, NeuroD2, NeuroD4 and NeuroD6) as early as 48 hours after injections. 

As FGF signaling is a known modulator of other signaling pathways, including Wnt and Notch, 

we carried out a series of experiments aimed at understanding the nature of this crosstalk. 

Strikingly, we found that few hours after injection, FGF2 regulated the expression gradients of 

Notch ligands, and that altered expression corresponded to the region undergoing the cortical 

expansion, suggesting that FGF2 can shift the timing of neurogenesis and the determination of 

VZ-SVZ cell identities. Consistently, several FGFs and Notch-related genes are co-expressed in 

a spatially and temporally-restricted manner during early stages of neurogenesis in humans. 
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Abstract: Extensive similarities shown between neurons and elongated fiber cells in eye lens 

include the ultrastructure of their microtubule vesicle transport machinery and the membrane 

protrusions/dendritic spines along their lateral surfaces. These membrane structures have similar 

size and shape, and share expression of a number of key gene products and associated molecular 

regulatory mechanisms first shown to work as a unit in neurons at dendritic spines. We showed 

that AMPA and NMDA glutamate receptors and a core set of associated molecular mechanisms 

that coordinate their regulation at the DNA, RNA and protein levels also occur in lens. Others 

showed both membrane structures express clathrin and AP-2 on their surface and contain F-actin, 

which forms a scaffold in dendritic spines. Lens AMPARs include its pivotal GluA2 subunit 

which also undergoes Q/R RNA editing, analogous to neurons. We showed NMDAR NR1, 

NR2A, and NR2B in lenses, and identified p-Tyr GluA2 and p-Tyr 1472 NR2B that are 

phosphorylated at clathrin/AP-2 interaction sites which block endocytosis. Conversely, we 

showed STEP Tyr-phosphatase in fiber cells that promotes receptor internalization. Greater 

STEP and excess AMPAR/ NMDAR endocytosis are key factors in primary neural disorders and 

important drug targets. Extracellular GluA2 domain is a principal binding partner for GAPDH 

moonlighting protein at dendritic spine surfaces, and GAPDH internalization has a critical role in 

neuronal cell death mechanisms. IF in situ studies demonstrated overlapping focal distributions 

of STEP, GAPDH, p-Tyr-GluA2, clathrin, actin, and AP-2 at the perimeter of lens fiber cells at 

membrane spines in lenses of healthy adult rabbits. In disease, we measured greater STEP61 and 

decreased p-Tyr-GluA2 in lenses of adult diabetic rabbits together with disrupted fiber cell 

morphology typical in the rabbit model. We speculate that AMPA and NMDA glutamate 

receptors actions in lens focus on the remarkably precise nature of its morphogenesis required to 

produce an optically useful organ. Detailed similarities between lens fiber cells and neurons may 

also relate to observations first made in the 1970ôs that neurons can trans-differentiate into lens. 

In light of speculations first made by W. Gehring (CH) that sensory organs which include the eye 

and lens preceded the evolution of a brain, these findings in lens provide further evidence of a 

unique relationship in the evolution and development of lens fiber cells and neurons, and support 

the further hypothesis that AMPAR/NMDAR functions and regulation in lens may have been 

antecedents of more dynamic activities that define neuronal functions. 
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Abstract: Social interaction plays a key role in the healthy development of social animals. This 

effect can be seen throughout the mammalian family and is most pronounced in species with 

complex social networks. When developing offspring do not receive proper social interaction 

they show developmental impairments. This effect is well documented in mammalian species but 

controversial in social insects. It has been hypothesized that the enlarged mushroom bodies, 

responsible for learning, memory and sensory integration, observed in social insect species are 

needed for maintaining the large social networks or due to other confounding factors such as the 

demands of parasitism or task related behavior. This study examines the impact of social 

isolation on the development of mushroom bodies of the eusocial ant species Camponotus 

floridanus. Ants raised in isolation were shown to exhibit impairment in the growth of the 

mushroom bodies as well as behavioral deficits when compared to ants raised in small social 

groups beyond the factors that have been previously shown to influence mushroom body growth 

during development. These results indicate that social interaction is necessary for the proper 

development of C. floridanus mushroom bodies. 
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Abstract: Cone and rod photoreceptors in the retina are specialized light-sensing neurons for 

day and night vision, respectively. Developmental defects or death of photoreceptors can lead to 

retinal neurodegeneration and consequently blindness. Loss of Nrl, a transcription factor 

essential for rod cell fate determination, results in a mouse retina with only S-(blue or uv 

sensitive) cone photoreceptors instead of rods. Based on multiple lines of evidence, we proposed 

that rod photoreceptors are generated from S-cone precursor cells that have developmental 

plasticity and generate rods when NRL is dominant and active. To test this hypothesis and find 

possible ófootprints of S-cone precursorsô, we purified the rod cells using fluorescence activated 

cell sorter (FACS) from Nrl-GFP transgenic mouse retina (from P2 to P28; peak of rod birth to 

matured rod) that expresses GFP specifically in rod photoreceptors. We performed global 

transcriptome analysis of flow-sorted developing and mature rods using RNAseq. The RNAseq 

data revealed no expression of genes specific for non-photoreceptor neurons; however, cone-

specific genes, such as Opn1sw and Gnb3, are highly expressed in rods from early stages of 

differentiation and their expression decreased as the rods matured. We then examined the 

epigenetic landscape of rod photoreceptors by reduced-representation bisulfite sequencing 

(RRBS) for DNA methylation and ChIPseq for histone methylation patterns (H3K4me3 and 

H3K27me3). The epigenome data demonstrated active epigenetic marks (low levels of DNA 

methylation, high H3K4me3, low H3K27me3) on cone-specific genes at early development 

stages but the patterns reversed in mature rod photoreceptors. To further test our hypothesis, we 

performed lineage tracing by marking S-cone cell specific lineage using Opn1sw-Cre;ROSA26-

AP (Alkaline phosphatase). Surprisingly, rod photoreceptors also exhibited high AP activity 

along with S-cones. Taken together, our studies provide strong evidence in support of evolution 

of rods from S-cone photoreceptors. 

Disclosures:  J. Kim:  None. H. Yang: None. M.J. Brooks: None. A. Swaroop: None. 

 

Poster 



499. Evolution of Developmental Mechanisms 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 499.18/C24 

Topic: A.09. Evolution of Developmental Mechanisms 

Support: CARTA Fellowship 

 NSF SMA 1041755 

Title: A developmental approach to long-distance connectivity and interhemispheric 

collaboration 

Authors: *B. N. CIPOLLINI , G. COTTRELL 

Cognitive Sci., UC San Diego, La Jolla, CA 

Abstract: Cerebral lateralization is intertwined with virtually every cognitive function that we 

think makes us human, yet a clear dichotomy in a leading theory about its origins remains 

unexplained. Though lateralized processing has been suggested to be due to independent, local 

development of neural circuits (Ringo et al., 1994; Rilling & Insel, 1999a), these 

intrahemispheric circuits tend to be complementary (not independent) and show extremely strong 

functional coupling, suggest robust interhemispheric interactions in the lateralized human brain. 

Here, we review literature and present modeling evidence suggesting that: (1) previous modeling 

work that concluded that conduction delay leads to hemispheric independence is overstated and 

misinterpreted, and is inconsistent with experimental data on the development of lateralization 

and the corpus callosum. (2) Variability in conduction delays, present in early development due 

to thin, unmyelinated white matter fibers (Faisal et al., 2008), can bias infant learning towards 

the use of shorter, local connections, and this effect can drive hemispheric independence. (3) 

This early bias towards local circuits suppresses lateralization of perceptual processing and 

enhances lateralization in unilateral motor production (e.g. handedness). These results are 

consistent with developmental data showing that lateralization increases during development, 

where communication migrates from local circuits to long-distance circuits. We argue that this 

effect is greatest in humans, due to a trade-off between maximizing adult brain size while 

minimizing brain size at birth as indicated by the uniquely human post-natal growth trajectory 

(Martin, 1983). This suggests that, counter to previous proposals, the physiology of 

interhemispheric communication in humans may not be a pure function of brain size shared 

across mammals, but instead is related to the uniquely human problem of birthing a large-brained 

fetus through a narrow walking pelvis. 
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Abstract: Unique aspects of human brain development underlie our species' remarkable 

cognitive abilities and our vulnerability to malformations of brain circuitry, which likely 

contribute to many neuropsychiatric disorders. However, our understanding of the cellular and 



molecular bases of brain development is predominantly based on studies of model organisms. 

This situation has begun to change with the advent of techniques such as laser micro-dissection 

(LMD) and transcriptional profiling, which can be combined to generate highly multivariate, 

quantitative, and precise information about the molecular composition of a single tissue 

specimen. This approach has recently been used in conjunction with stereotyped sampling 

strategies to generate atlases of gene expression in the developing brains of humans and rhesus 

macaque monkeys, providing an unprecedented opportunity to test the hypothesis that changes in 

the regulation of gene expression were central to the evolution of many unique human qualities, 

including our expanded neocortex. The present work describes a multivariate analytical strategy 

for comparing transcriptome organization between humans and macaques during prenatal 

cortical development. Application of this strategy to LMD samples from cingulate cortex and 

primary visual cortex of both species reveals conserved and distinct patterns of gene activity, 

many of which are driven by specific cell types. These results provide an integrated functional 

context for studying genes that have been implicated in cortical development, while 

simultaneously identifying novel candidate genes whose activity may distinguish cortical 

development in humans from other primate species. 
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Abstract: Commissural axons exist in all Bilateria, but the development of novel commissural 

circuits or the modification of existing ones has accompanied the emergence of key 

neurobiological features in vertebrate evolution, such as depth perception, hearing, lung-based 

breathing and limb-derived locomotion. In most Bilateria, specific sets of cells occupy the 

midline and express axon guidance molecules, which regulate crossing. Two ligand/receptor 

molecular partners play a major role in this process: Netrin-1/DCC (Deleted in Colorectal 

Cancer) which mediates the attraction of commissural axons towards the midline and Slit/Robo 

(Roundabout) which mediate repulsion of post-crossing axons away from the midline and 

prevent ipsilaterally projecting neurons from crossing it. In vertebrates, a key role in midline 

guidance is played by the divergent Robo family member Robo3. Robo3 is expressed by 

commissural axons of the mouse spinal cord and hindbrain before and during crossing of the 

midline floor plate, and many commissures fail to develop in mice and humans lacking Robo3. 

We provide evidence for positive selection of the Robo3 receptor during mammalian evolution 

that subverted its mechanism of action. Unlike other Robo receptors, including Robo3 in non-

mammalian vertebrates, mammalian Robo3 is not a high affinity receptor for Slits, a difference 

attributable to a few substituted residues. Moreover, Robo3 regulates responses to the 

chemoattractant Netrin-1, as Netrin-1 selectively triggers phosphorylation of mammalian Robo3, 

pontine neurons lacking Robo3 fail to migrate towards a Netrin-1 source, and loss of Robo3 

attenuates Netrin-1-induced spinal commissural axon outgrowth. Midline pontine neuron 

attraction is restored in Robo3 knockout mice expressing mammalian but not non-mammalian 

Robo3. We propose that Robo3 evolution was key to sculpting mammalian motor circuits by 

converting a receptor for Slit repulsion into one that both represses Slit repulsion and potentiates 

Netrin attraction. 
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Abstract: The human neocortex differs from that of other great apes in several notable regards 

including altered cell cycle, prolonged corticogenesis, and massively increased overall size. 

While these evolutionary changes likely contributed to the origin of distinctively human 

cognitive faculties, their genetic basis remains almost entirely unknown. Highly conserved non-

coding regions that show rapid sequence changes along the human lineage are candidate loci for 

the development and evolution of uniquely human traits. Here we report the discovery of a 

human-accelerated regulatory enhancer (HARE5) of FZD8, a member of the frizzled family of 

WNT receptors implicated in brain development and size. Although Fzd8 is expressed 

throughout the developing embryo, HARE5 drives expression primarily in neural stem cells and 

neurons of the neocortex. Using transgenic mice, we demonstrate striking differences in human 

and chimpanzee HARE5 activity, with human HARE5 driving precocious and more robust 

expression at the onset of corticogenesis. Chromosome conformation capture assays reveal 

mouse HARE5 physically and specifically contacts the core Fzd8 promoter in embryonic 

neocortices. To assess the phenotypic consequences of HARE5 activity, we generated transgenic 

mice in which Fzd8 expression is under control of either human or chimpanzee HARE5. In 

comparison to chimpanzee HARE5, human HARE5-driven expression of Fzd8 induced a larger 

fraction of neural stem cells in S and G2/M phases of the cell cycle. Changes in HARE5 function 

that are unique to humans thus alter cell cycle state of a critical population of stem cells during 

corticogenesis, and may therefore underlie some of the distinctive anatomical features of the 

human brain. 
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Abstract: Neuronal heteromeric nicotinic acetylcholine receptors (nAChRs) composed of Ŭ4 

and ɓ2 subunits form pentameric ligand-gated cation channels in high-sensitivity (HS) 

(Ŭ4)2(ɓ2)3 and low-sensitivity (LS) (Ŭ4)3(ɓ2)2 isoforms. A4 can also form functional HS and 

LS receptors in conjunction with ɓ4, a lesser-studied nAChR subunit whose presence has been 

detected in primate brain. Despite a high sequence homology between ɓ2 and ɓ4 subunits, Ŭ4ɓ2 

and a4ɓ4 nAChRs differ markedly in total function, as well as in the potency and efficacy of 

agonists including Sazetidine-A (AMOP). Using chimeras of the ɓ2 subunit with the C-terminal 

domain or the M3-M4 intracellular loop swapped with the corresponding region in ɓ4 and two-

electrode voltage-clamp in the oocyte expression system, we demonstrated that the structural 

determinant for these differences is located in the transmembrane domain (C-terminal domain, 

excluding the large intracellular loop), suggesting they are potentially due to a gating effect. In 

comparing sequences of the channel lining domain M2 and the coupling region of ɓ2 and ɓ4 

subunits, we found two residues which differ between the two subunits: one in the 13ô position 

of the M2 domain, and one at the end of M2-M3 linker near the "hinge". Point mutations 

interchanging these two residues in the wild-type subunits altered efficacies for the agonist 

AMOP and other related compounds towards those of the alternate wild type receptor. Receptor 

function was also affected: while our WT Ŭ4ɓ2 receptors had lower function than our WT Ŭ4ɓ4 

receptors, we found that the V253F and V272I mutations in ɓ2 increased function dramatically, 

such that the mutant receptor function more closely resembled that of WT Ŭ4ɓ4 than of WT 

Ŭ4ɓ2. Our results suggest that differences in gating and coupling efficiency between ɓ2 and ɓ4 



subunits can influence agonist efficacy. (Supported by NIH Grant R01GM085237 to YC and 

U19 MH085193 to APK, RJL, and YC) 
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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) are members of the Cys-loop 

super family of ligand gated ion channels (LGIC) and play a critical role in synaptic 

transmission. Changes in receptor expression resulting from neurodegenerative and epigenetic 

processes produce a range of neurological disorders including Autism, Alzheimerôs and 

Parkinsonôs disease. Unfortunately, few drugs are available for treatment of these neurological 

disorders. Desformylflustrabromine (dFBr) is a natural product originally purified from the 

marine bryozoan Flustra foliacea. Using a synthetic form of dFBr, we previously determined that 

dFBr is a selective allosteric modulator of the nicotinic Ŭ4ɓ2 receptor. When co-applied with 

acetylcholine on these receptors, dFBr produces a 265% increase in efficacy compared to 

acetylcholine alone. The EC50 for potentiation by dFBr is 1µM; however, at dFBr 

concentrations greater than 3µM, acetylcholine induced responses are inhibited in the presence 

of dFBr, producing a ñbell shapedò dose response curve. The precise binding site for dFBr and 

the mechanism of potentiation remain unknown. In this study we use substituted cysteine 

accessibility method (SCAM) to determine if dFBr binds at the ɓ2+/Ŭ4- interface of the Ŭ4ɓ2 

receptor. To prevent modification of the two endogenous cysteines located on the intracellular 

M1-M2 loop by MTS we mutated these residues on both the Ŭ4 and ɓ2 subunits to serine and 



glycine (C262S and C269G). We have previously shown that these mutations produce no effect 

on acetylcholine responses on mutant Ŭ4ɓ2 receptors (pseudo wt). While these mutations did 

block potentiation by calcium, no effect on dFBr potentiation was observed, thus calcium and 

dFBr potentiation appear to involve different mechanisms. Using these ñpseudo wtò receptors, 

we introduced single point cysteine mutations in the B and C loops of the ɓ+ subunits. Mutation 

of ɓ2D217 of loop C to cysteine produced no effect on either acetylcholine responses or dFBrôs 

ability to potentiate acetylcholine responses. Modification of D217C by MTS also produced no 

observable effect on the acetylcholine response but reduced the potentiation produced on co-

application of dFBr by 80%. As MTS modification of the cysteine introduced at position 217 

would block dFBr access to ɓ2+/Ŭ4- interface, these data support our hypothesis that dFBr binds 

at this position to produce potentiation. 
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Abstract: Background: Water-soluble extracellular domain human nicotinic acetylcholine 

receptors (ECD nAChRs) would be useful for understanding how human nAChR work. Their 

production, however, remains elusive and appears to need initial expression with the first 

transmembrane domain (M1). Because of that requirement, post-expression proteolysis to 

remove M1 is a potential path to water-soluble ECD nAChRs. The path requires that ECD 

nAChRs tolerate an inserted protease site upstream of M1. Indeed, Ŭ7 ECD nAChR and Ŭ4ɓ2 

ECD nAChR with inserted protease sites upstream of M1 have high structural fidelity to full 

length receptors. Thus, a proteolysis strategy might have general utility for many or even all 



nAChRs. Goal and Objective: The goal is to determine whether human Ŭ3-containing ECD 

nAChRs, like Ŭ7 and Ŭ4ɓ2 ECD nAChRs, are suitable for post-expression proteolysis to produce 

water soluble receptors. The objective is to measure properties of human Ŭ3-containing ECD 

nAChRs containing inserted amino acid residues, including a site-specific protease site, upstream 

of M1. Methods: Human Ŭ3 and ɓ2 cDNAs were truncated after M1 (Ŭ3M1 and ɓ2M1). 

Mutagenesis placed a heterologous 5-residue sequence (adding two restriction sites; Ŭ3M1RE 

and ɓ2M1RE) or a 7-residue TEV protease site (Ŭ3M1TEV) at the ECD-M1 interface. Subunits 

were expressed in Xenopus oocytes. Immunoblotting and affinity and yield of [
3
H]epibatidine 

binding sites assessed effects of inserted residues on expression and structural fidelity. Results: 

Immunoblotting showed expression of Ŭ3M1, ɓ2M1, Ŭ3M1RE, ɓ2M1RE, and Ŭ3M1TEV. The 

dissociation constant of [
3
H]epibatidine with Ŭ3M1/ɓ2M1 ECD nAChR was similar to the 

dissociation constant with full length Ŭ3ɓ2 nAChR. With heterologous sequences inserted at the 

ECD-M1 interface, Ŭ3M1RE/ɓ2M1RE and Ŭ3M1TEV/ɓ2M1RE produced yields of high affinity 

[
3
H]epibatidine binding sites comparable to the yield of Ŭ3M1/ɓ2M1 ECD nAChR. 

Conclusions: Based on dissociation constants with [
3
H]epibatidine, the Ŭ3 nicotinic subunit 

forms Ŭ3M1/ɓ2M1 ECD nAChR with high structural fidelity to full length Ŭ3ɓ2 nAChR. Based 

on yield of high affinity [
3
H]epibatidine binding sites, the Ŭ3M1 subunit tolerates heterologous 

residues, including a TEV protease site, inserted immediately upstream of M1. These results 

suggest that Ŭ3ɓ2 ECD nAChR, like Ŭ7 and Ŭ4ɓ2 ECD nAChRs, might be suitable for post-

expression proteolysis to produce water soluble receptors. 
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Abstract: Human adrenal chromaffin cells express nicotinic acetylcholine receptors (nAChR) 

that facilitate the release of catecholamines when activated. The two main receptor subtypes 

expressed by these cells are Ŭ6ɓ4 and Ŭ7. The Ŭ7 subtype has been widely studied in other cells 

and expression systems but much less is known about the Ŭ6ɓ4 subtype in part because of its 

sparse expression in the nervous system and relatively poor expression in heterologous systems. 

Consequently, very little is known about the pharmacological and biophysical properties of this 

subtype. We performed whole-cell voltage-clamp electrophysiology on isolated human 

chromaffin cells obtained from organ donors to elucidate these properties. Several agonists were 

tested to determine their activities on Ŭ6ɓ4 nAChRs including acetylcholine, nicotine, 

varenicline, DMPP, and 5-I-A-85380. The rank order potency of these ligands was 5-I-A-85380 

= DMPP = varenicline > nicotine = acetylcholine and all had EC50 values in the low micromolar 

range. The relative efficacies of these agonists also differed. Varenicline and 5-I-A-85380 were 

both full agonists whereas nicotine and DMPP were partial agonists relative to acetylcholine. 

Desensitization experiments with acetylcholine and nicotine revealed that chromaffin cell Ŭ6ɓ4 

nAChRs rapidly desensitized during continuous exposure to EC50 concentrations of either 

agonist. Furthermore, these receptors recovered relatively rapidly after complete desensitization 

by nicotine. The pharmacological properties observed were not due to the presence of receptors 

that contained a ɓ2 binding site because the acetylcholine-evoked currents were relatively 

insensitive to inhibition by a ɓ2-selective antagonist, an analog of Ŭ-conotoxin LvIA, and could 

be completely abolished by the ɓ4-selective antagonist Ŭ-conotoxin BuIA(T5A,P6O). Additional 

experiments were performed to examine the current-voltage relationship and calcium 

permeability of Ŭ6ɓ4 nAChRs. These results provide valuable information on the properties of 

native human Ŭ6ɓ4 nAChRs. 
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Abstract: Functional heterologous expression of naturally-expressed mouse Ŭ6*-nicotinic 

acetylcholine receptors (mŬ6*-nAChRs; where ó*ô indicates presence of additional subunits) has 

been difficult. Here we expressed and characterized wild-type (WT), gain-of-function, chimeric 

or gain-of-function chimeric nAChRs, sometimes as hybrid nAChRs containing both human (h) 

and mouse (m) subunits, in Xenopus oocytes. Hybrid mŬ6mɓ4hɓ3- (~5-8 fold) or WT 

mŬ6mɓ4mɓ3-nAChRs (~2 fold) yield higher function than mŬ6mɓ4-nAChRs. Function is not 

detected when mŬ6 and mɓ2 subunits are expressed together or in the additional presence of hɓ3 

or mɓ3 subunits. However, function emerges upon expression of mŬ6mɓ2mɓ3(V9ôS)-nAChRs 

containing ɓ3 subunits having gain-of-function, V9ôS [valine(V)-to-serine(S)] mutations in their 

transmembrane segment II 9ô residues and is ~89% lower than those of mŬ6mɓ2hɓ3(V9'S)-

nAChRs. Studies involving WT or gain-of-function chimeric mouse/human ɓ3 subunits indicate 

involvement of N-terminal and other segments/domains of ɓ3 subunits in their differential effects 

on function of mŬ6*- nAChRs. Using hɓ3 subunits as templates, site directed mutagenesis 

studies indicate that substitution with mɓ3 subunit residues in putative ñɓ2-ɓ3ò (Q94 and E101), 

ñɓ5-ɓ6ò (Loop E: S144 and S148) or ñɓ9-ɓ10ò (loop C: E221 and F223) loops increases function 

of mŬ6mɓ2*- (~2-3 fold) or mŬ6mɓ4*- (~2-4 fold) nAChRs. EC50 values for nicotine at 

mŬ6mɓ4hɓ3-, mŬ6mɓ4mɓ3-, mŬ6mɓ4mɓ3(S144V+S148V)-, mŬ6mɓ4mɓ3(E221D)- and 

mŬ6mɓ4mɓ3(E221D+F223V)- nAChRs are same (p > 0.05). Thus, amino acid residues located 

on the putative primary (loop C) or complementary (ɓ2-ɓ3 or E loops) faces of ɓ3 subunits are 

some of the molecular impediments for functional expression of mŬ6mɓ2mɓ3- or mŬ6mɓ4mɓ3-

nAChRs. 
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Abstract: The Ŭ9Ŭ10 nAChR was first identified in the auditory system, where it mediates 

synaptic transmission between efferent olivocochlear cholinergic fibers and hair cells of the 

cochlea. This receptor has gained further recent attention due to its potential role in chronic pain, 

breast and lung cancers. We previously showed that Ŭ-conotoxin RgIA, one of the few Ŭ9Ŭ10 

selective ligands identified to date, is 300-fold less potent on human vs. rat Ŭ9Ŭ10 nAChR. This 

species difference was conferred by only one residue in the (-) complementary, rather than (+) 

principal, binding region of the Ŭ9 subunit. In light of this unexpected discovery, we sought to 

determine other residues that interact with Ŭ-conotoxin RgIA. A recent molecular modeling 

study concluded that RgIA interacts with Glu194, Pro197 and Asp198 on the (+) face of the Ŭ9 

subunit and Glu58 and Asp114 of (-) face of the Ŭ10 subunit (1). However, mutations of these 

nAChR subunit residues had little or no effect on toxin block of Ŭ9Ŭ10 nAChR function. In 

contrast, mutation of homologous residues in the opposing nAChR subunits resulted in loss of 

toxin activity ranging from 19 to Ó1700-fold. The results of the present study demonstrate 

interaction of Ŭ-conotoxin RgIA with an Ŭ10/Ŭ9 rather than Ŭ9/Ŭ10 nAChR subunit interface. 

These findings may help guide the development of other selective ligands of therapeutic 

potential. 1 Pérez EG, Cassels BK, Zapata-Torres G. Molecular modeling of the alpha9alpha10 

nicotinic acetylcholine receptor subtype. Bioorg Med Chem Lett. 2009 Jan 1;19(1):251-4. 
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Abstract: The finding that the Ŭ-conotoxin ImI binds with high affinity the Ŭ7 nAChRs opened 

new possibilities to investigate the structure function of these nicotinic acetylcholine receptors. 

As expected for a complex protein-protein interaction, binding affinity was found to depend 

upon the tridimentional structure of the conotoxin (Ulens et al., 2006). Examples, obtained with 

the Ŭ-conotoxin PnIA have shown that exchange of a single amino acid residue at position 10 in 

the conotoxin was sufficient to switch its activity from antagonist at the Ŭ7Lô9T to agonist 

indicating the exquisite structural sensitivity required to stabilize the active state (Hogg et al., 

2003). Based on these initial observations we postulated that even small structural changes of the 

Ŭ conotoxin might modify their functional effects. Taking advantage of the automated HiClamp 

system, which allows electrophysiological recordings in small volumes we examined the effects 

of a series of small conformational changes on the pharmacological properties of non-natural Ŭ 

conotoxins ImI. Determination of the dose-response activity revealed that inhibition of ACh 

evoked current strongly depends upon the Ŭ-conotoxin structure and that as much as a ten fold 

increase in affinity at Ŭ7 nAChRs can be obtained with an IC50 down to 50 nM. Further 

characterization of the most relevant conformations provides additional information about the 

conserved selectivity of these Ŭ7 conotoxin on the different nAChRs subtypes. In conclusion this 

work provides new insights for the understanding of the binding site of nAChRs, the importance 

of conserved residues in the N-terminal domain of the receptor opening new possibilities to 

engineer small protein of interest for drug development. References Hogg RC, Hopping G, 

Alewood PF, Adams DJ, Bertrand D (2003) Alpha-conotoxins PnIA and [A10L]PnIA stabilize 

different states of the alpha7-L247T nicotinic acetylcholine receptor. J Biol Chem 278:26908-

26914. Ulens C, Hogg RC, Celie PH, Bertrand D, Tsetlin V, Smit AB, Sixma TK (2006) 

Structural determinants of selective alpha-conotoxin binding to a nicotinic acetylcholine receptor 

homolog AChBP. Proc Natl Acad Sci U S A 103:3615-3620. 
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Abstract: Acetylcholine activates nicotinic acetylcholine receptors (nAChRs) by binding at an 

extracellular orthosteric site, located at the interface between two adjacent subunits. In the case 

of homomeric Ŭ7 nAChRs, activation by acetylcholine, or by other orthosteric agonists, results in 

rapid desensitisation. Previous studies have described a series of positive allosteric modulators 

(PAMs) that are selective for homomeric Ŭ7 nAChRs. These include Type I PAMs, that exert 

little or no effect on the rate of receptor desensitisation after activation by an orthosteric agonist, 

and Type II PAMs that cause a dramatic loss of agonist-induced desensitisation. A binding site 

for both Type I and Type II PAMs has been identified within the transmembrane domain of Ŭ7 

nAChRs. In addition, there is evidence that nAChRs can be activated by ligands (allosteric 

agonists) binding to a similar allosteric transmembrane site. In the case of Ŭ7 nAChRs, activation 

by allosteric agonists has been found to induce a much lower level of desensitisation than that 

which occurs after activation by orthosteric agonists. Here we report evidence that 

transmembrane mutations in Ŭ7 nAChRs have interesting and diverse effects on receptor 

activation and desensitisation by allosteric ligands. It has been reported previously that the 

L247T mutation (located in the second transmembrane domain) confers increased potency to 

acetylcholine and reduced levels of desensitisation. In contrast, the M260L mutation (located 

higher up in the second transmembrane domain) does not show any difference in the 

acetylcholine potency and desensitisation profile compared to wild-type receptors. We have 

found that in receptors containing the L247T mutation, both Type I PAMs and Type II PAMs are 

converted into non-desensitising agonists. In contrast, in receptors containing the M260L 

mutation, this effect is seen only with Type II PAMs. These findings, indicating that the M260L 

mutation has a selective effect on Type II PAMs, have been confirmed both with a series of 

previously described PAMs and also with a series of novel Ŭ7-selective PAMs. The novel PAMs 

examined in this study have close chemical similarity but diverse pharmacological properties. 



For example, they include compounds displaying effects on receptor desensitisation that are 

typical of classical Type I and Type II PAMs but, in addition, they include compounds with 

intermediate properties. It is hoped that studies examining the effects of a series of 

transmembrane mutations on PAMs with diverse pharmacological effects will help to provide an 

insight into the mechanism of action of nAChR allosteric modulators. 
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Abstract: Since the first report of the acetylcholine binding protein (AChBP) and its structure by 

Sixma and colleagues in 2001, crystal structures of many complexes have been analyzed in 

relation to ligand selectivity. However, AChBPs define a sub-species of a nicotinic acetylcholine 

receptor (nAChR) ectodomain, whose sequence and ligand selectivity are distinct from nAChR 

subtypes. While providing an atomic resolution view of how nicotinic ligands interact with their 

binding sites and similar general patterns of ñnicotinicò activity, AChBP selectivity differs from 

specific subtypes of nAChRs and might be treated as one member of a wide family of 

extracellular domains. To enhance correlation between native nAChRs and the AChBPs, we 

have generated several chimeric constructs wherein specific regions of the AChBP primary 



sequence are replaced with amino acids that correspond with specific nAChR subtypes. In 

addition to replacing loop C of the AChBP with the sequence of each of the human Ŭ and ɓ 

subtypes we have modified other regions of the subunit interfacial binding site to mimic more 

closely the binding affinities observed for human nAChRs. We have also modified surface 

regions that correspond with the area of the muscle Ŭ1 subunit implicated in the autoimmune 

myasthenia gravis (MG). Distinct sequences in the main immunogenic region (MIR) of the Ŭ1 

subunit have been substituted into the corresponding position of the AChBP sequence. The 

expressed protein demonstrates an antibody profile directly comparable to that observed in MG 

patients. To further understanding of the antibody/receptor interactions, we have generated 

several X-ray structures of our MIR/AChBP chimera. Both C loop and MIR substitutions have 

enhanced crystallization of several ligand-AChBP complexes yielding valuable information on 

binding determinants and poses. While we continue to strive for structures of the antibody in 

complex with this construct the current structures provide a structural template for the 

development of small molecule or peptidomimetic disrupters of the antibody interaction. 
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Abstract: Ŭ7-nicotinic acetylcholine receptors (Ŭ7 nAChRs) are pentameric ligand gated 

channels that enable calcium entry into cells. Although the Ŭ7 nAChR is known to rapidly 

desensitize in response to ligands, its function is critical for long-lasting changes in neuronal 

activity and structure. To date little is know about the mechanism by which Ŭ7 nAChRs mediate 

persistent changes in cells. Recent studies suggest a role for Ŭ7 nAChRs in the regulation of 

intracellular calcium stores in hippocampal neurons. We have examined the ability of Ŭ7 

nAChRs to couple heterotrimeric G proteins in developing neural cells. We find that specific 

residues in the intracellular M3-M4 loop are critical for G protein binding and modulation of IP3 

receptor calcium store release. In particular, ligand activation of the Ŭ7 nAChR appears to 

promote an increase in intracellular calcium well beyond the established time frame of channel 

activation, a process blocked by xestospongin C and attenuated by G protein blockers. The 

findings support the involvement of G protein signaling in nAChR function and suggest a new 

framework for considering Ŭ7 nAChR driven neuronal modulation. 
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Abstract: The nicotinic acetylcholine receptors (nAChRs), members of the Cys-Loop ligand 

gated ion channel superfamily, are the primary target of insecticides. Selectivity and resistance 



issues of current insecticides dictate a need to research new compounds. Due to the inability to 

heterologously express insect nAChRs, current assay techniques involve utilizing either truly 

hybrid receptors or a heterogeneous mix of the binding targets from crude tissue preparations. To 

circumvent these issues, the soluble acetylcholine binding protein (AChBP) from the mollusk 

Aplysia californica, a good structural surrogate for insect nAChR, is recombinantly expressed 

and utilized for high throughput assays of binding affinity. Radioligand competition binding 

assays is utilized to determine the binding affinity differences of wild-type, insect like constructs, 

and AChBP constructs designed to mimic human nAChR subtypes. This combined with in situ 

Click Chemistry can be used to develop and evaluate analogs of neonicotinoid pesticides. 

Further, the ability to crystallize the AChBP constructs in the presence of novel ligands allows 

for structure-guided compound design. In the current study we have generated AChBP/insect 

chimeras by site-directed mutagenesis in the loop C region of the AChBPs for subtype and 

species selectivity to mimic target and off-target insects. This was completed for the following 

insects: Drosophila melanogaster (fruit fly), Myzus persicae (green peach aphid), Heliothis 

virescens (moth), Anopheles gambiae (mosquito), and the off-target honey bee Apis mellifera. 

We have assayed the affinity of the AChBP/insect chimeras for the nicotinoids nicotine and 

epibatidine, the neonicotinoids imidacloprid and thiocloprid, and the pyrazinoylimino and 

trifluoroacetylimino extended neonicotinoid analogs. We have contrasted the affinities relative to 

wild-type and humanized AChBP. This information will aid the development of new insecticides 

with greater potency and specificity including a novel series of analogs developed through Click 

Chemistry. 
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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) belong to a family of 

pentameric, membrane-bound receptors which function as ionic channels and mediate 

cholinergic modulation of neurotransmission. Subtypes within the family of neuronal nAChRs 

are defined by their Ŭ- and ɓ-subunit composition, and functional properties such as ligand-

sensitivity, pharmacologic profile, Ca
2+

 permeability, and desensitization kinetics. 

Homopentameric Ŭ7 and heteropentameric Ŭ4ɓ2 subtypes, in particular, are prominent in brain 

and have been investigated as therapeutic targets for various neurologic indications including 

depression, tobacco addiction, neuroinflammation, cognition impairment related to schizophrenia 

and Alzheimerôs disease, and neurodegeneration related to Parkinsonôs disease. Here we describe 

development, optimization and validation of medium throughput population patch clamp-based 

assays for human nicotinic subtypes, Ŭ3ɓ4, Ŭ7, Ŭ4ɓ2, and Ŭ3ɓ4Ŭ5, stably expressed in Chinese 

hamster ovary (CHO) cells. Cell line development and characterization were performed in both a 

fluorescent imaging plate reader (FLIPR Tetra) and the IonWorks Barracuda (IWB) automated 

patch clamp system; only the patch clamp assays are presented here. The cell lines were 

pharmacologically characterized by both subtype-selective and non-selective reference 

compounds, including agonists, pore blockers, competitive antagonists and positive allosteric 

modulators. An IWB platform in 384-well population patch clamp format supported 

development and validation of automated patch clamp assays in the four different nAChR 

subtypes. The validation results showed that biophysical characteristics of the receptors (agonist 

sensitivity and acute desensitization) measured in the IWB system were comparable to those 

obtained by conventional electrophysiological assays. The potency of reference antagonists for 

inhibition of the receptor-channels and selectivity of positive allosteric modulators also were 

very similar between IWB and published conventional voltage clamp results. All four assays 

were found to be very robust and reproducible, suitable for subtype profiling and medium-

throughput screening of compound libraries in agonist, antagonist or positive allosteric 

modulator modes. The discovery of selective modulators may facilitate development of new 

therapeutics or adjuvant therapies for treatment of disease conditions such as cognition 

impairment, depression, addiction, and inflammation.  
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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated, 

nonselective cation channels composed of varying Ŭ and ɓ subunits. Combinations of these 

subunits define the nAChR subtypes. Heteromeric nAChRs are composed of Ŭ subunits (Ŭ2 ï 

Ŭ10) in combination with ɓ subunits (ɓ2 ï ɓ4), while the Ŭ7 subunit forms a homomeric receptor. 

The homomeric Ŭ7 nAChR is found throughout the brain and is believed to play an important 

role in memory, cognition, schizophrenia, and Alzheimerôs disease. Studying the Ŭ7 receptor has 

been difficult due to the limited number of selective ligands available. Currently and historically 

the most important and selective ligands and tools for studying Ŭ7 nAChRs are Ŭ-bungarotoxin, 

which is a protein harvested from Taiwanese krait snake venom, and certain Ŭ-conotoxin 

peptides (Johnson et al. Mol. Pharmacol. 1995; Pereira et al., J Pharmacol Exp Ther, 1995), 

which are based on the venom of marine predatory cone snails. These proteins do not readily 

enter the brain, and therefore are not usually very useful for in vivo studies. Moreover, they are 

sometimes difficult to obtain and/or available only in relatively small quantities. More recently, 

methyllycaconitine, a norditerpenoid isolated from delphinium seeds has proven to be another 

excellent high affinity probe for Ŭ7 nAChRs (Davies et al., Neuropharmacolgy, 1999). Here we 

investigated iodo-ASEM, a novel selective high affinity Ŭ7 ligand (Gao et al., J Med Chem, 



2013; Horti et al., J Nucl Med, 2014) that has the potential to be an excellent ligand for studying 

Ŭ7 nAChRs in vitro and in vivo. In radioligand binding assays, [
125

I] -iodo-ASEM demonstrated 

high binding affinity (<300 pM) and selectivity for Ŭ7 nAChRs stably expressed in HEK cells, as 

well as in solubilized receptors from rat hippocampus (Kd ~3 nM), which expresses a high 

density of Ŭ7 receptors. In radioligand binding competition assays using [
3
H]-epibatidine to label 

nAChR binding sites in membranes from cells stably transfected with different nAChR subunit 

combinations, we further demonstrate the selectivity of iodo-ASEM for the Ŭ7 nicotinic receptor 

compared to other rat and human nicotinic receptor subtypes. [
18

F]-ASEM has recently been 

shown to be useful for PET imaging of Ŭ7 nAChRs in baboon brain (Horti et al. 2014), 

indicating its potential as a PET probe for Ŭ7 nAChRs in human brain. Further investigation of 

this new Ŭ7-specific ligand should facilitate studies that target the Ŭ7 nicotinic receptor and its 

involvement in neural functions and diseases. 
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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) are present in the central and 

peripheral nervous system where they mediate and modulate neurotransmission. nAChRs are 

pentameric ligand gated cation channels that assemble from combinations of different subunits: 

Ŭ2-Ŭ10 and ɓ2-ɓ4. These channels can be heteromeric, as in the Ŭ4ɓ2 or Ŭ3ɓ4 subtypes, or 



homomeric, as in the Ŭ7 subtype. In this work, we examine the pharmacology of two different 

ligands, sazetidine-A and AT-1001, at heteromeric nAChRs composed of Ŭ4, ɓ2 and ɓ4 subunits. 

Radioligand binding experiments were performed on membrane homogenates prepared from 

HEK293 cells expressing Ŭ4ɓ2 or Ŭ4ɓ4 nAChRs. Both sazetidine-A and AT-1001 compete for 

[3H]-Epibatidine binding sites on Ŭ4ɓ2 and Ŭ4ɓ4 homogenates; however, they do so with 

different affinities. Sazetidine-A competes for Ŭ4ɓ2 receptors with a higher affinity than for Ŭ4ɓ4 

receptors. In contrast, AT-1001 competes for Ŭ4ɓ4 receptors with higher affinity than for Ŭ4ɓ2 

receptors. This is consistent with published data, which has demonstrated that sazetidine-A is 

selective for ɓ2 containing nAChRs and AT-1001 is selective for ɓ4 containing nAChRs. To 

further elucidate the binding pharmacology of Ŭ4ɓ2 and Ŭ4ɓ4 nAChRs with sazetidine-A and 

AT-1001, we constructed pentameric concatamers using alanine-glycine-serine repeat linkers. 

The use of concatenated constructs allows us to examine binding parameters of sazetidine-A and 

AT-1001 at complex nAChR stoichiometries composed of Ŭ4, ɓ2 and ɓ4 subunits. Competition 

binding with sazetidine-A against [3H]-Epibatidine at membrane homogenates from Ŭ4ɓ2ɓ4 

concatamers fit best to a two-site non-linear regression model, consistent with the selectivity of 

sazetidine-A for ɓ2 over ɓ4 containing binding sites. The same two-site model was found for 

competition binding using AT-1001 at these concatamers, with AT-1001 being more selective 

for ɓ4 over ɓ2 containing binding sites. Further binding studies in conjunction with 

electrophysiology recordings from these concatameric pentamers expressed in HEK293 cells 

may provide insight into binding pharmacology for unique Ŭ4ɓ2ɓ4 containing nAChRs. The use 

of these concatameric constructs may facilitate development of ligands with specificity for these 

complex heteromeric receptors that may be important in some brain regions and/or in certain 

disease states. 
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Abstract: The Ŭ7-nicotinic acetylcholine receptor (Ŭ7-nAChR) is a ligand-gated ion channel 

widely expressed in the mammalian CNS and is associated with numerous biological functions 

and diseases such as Alzheimer's. The Ŭ7-nAChR is also the principal high-affinity Ŭ-

bungarotoxin (bgtx) binding protein in the mammalian CNS. The high-selectivity of bgtx for Ŭ7-

nAChRs is a powerful tool which has been utilized to specifically isolate the receptor for 

investigation. SH-SY5Y is a human clonal cell line used to model neurons which endogenously 

expresses Ŭ7-nAChRs. Receptor interacting proteins are associated with the regulation and 

function of ligand-gated ion channels. To identify Ŭ7-nAChR interacting proteins, bgtx-sensitive 

protein complexes were isolated from SH-SY5Y using bgtx-conjugated affinity resin. Protein 

was specifically eluted with nicotinic receptor agonist, reduced and alkylated prior to digestion 

with trypsin in-solution. Proteins isolated and treated by the same method but with affinity resin 



lacking bgtx served as controls. Tryptic peptides were separated using high-performance liquid 

chromatography and analyzed with a Thermo ScientificÊ Q ExactiveÊ hybrid quadrupole-

orbitrap mass spectrometer. Spectra were matched to proteins using the Mascot algorithm and 

resulting data analyzed using ProteoIQÊ. A total of 78 proteins, including the Ŭ7-nAChR 

subunit, were identified (1% FDR, >90% probability of correct assignment, identified in multiple 

replicates, 0% probability in controls). This is the first study in which the Ŭ7-nAChR was 

detected along with its interacting proteins in an endogenous human neuronal model using mass 

spectrometry. Identified human Ŭ7-nAChR interacting proteins are associated with a diverse 

array of functions which may contribute to the expression, localization, function, or modulation 

of Ŭ7-nAChRs. Identification of endogenous human Ŭ7-nAChR-protein interactions provides a 

foundation to investigate how these interactions may contribute to human disease. 
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Abstract: Nicotinic acetylcholine receptors (nAChRs) are pentameric, transmembrane, ligand 

gated ion channels and members of the Cys-loop superfamily of receptors. Varied combinations 

of Ŭ (Ŭ2-Ŭ10) and ɓ (ɓ2-ɓ4) subunits create different subtypes of neuronal nAChRs. The 

homomeric alpha7 subtype is expressed in important brain regions mediating learning, memory, 

and cognition, making them potential drug targets for the treatment of schizophrenia, 

Alzheimerôs and other neurological disorders. They are also implicated in immune system 

function, angiogenesis, and nociception. meta-Chlorophenylguanidine (MD-354), synthesized by 

Dr Dukatôs laboratory, has been shown to be a partial agonist of the serotonin type 3A (5HT3A) 



receptor (EC50 = 3.1 ÕM) and a negative allosteric modulator (NAM) of the Ŭ7 nAChR (IC50 = 

41.51 µM). Using a tail flick assay in a mouse model, MD-354 was found to antagonize the 

antinociceptive effects of nicotine mediated by Ŭ7 receptors. The goal of this study was to 

identify the structural features of MD-354 that are responsible for its action as a negative 

allosteric modulator at Ŭ7 nACh receptors. A series of MD-354 analogs with varying electronic 

and lipophilic character was synthesized and evaluated for its ability to inhibit ACh-induced 

responses of Xenopus levies oocytes expressing human Ŭ7 nACh receptors in a two electrode 

voltage clamp assay. Halogen substitution at the meta position of MD-354 was found to increase 

IC50 values relative to their increasing polarizability (from 21.8 µM to 53.6 µM). A meta-methyl 

substituent decreased potency (IC50 = 118.4 µM) significantly compared to the halogen-

substituted analogs. Methoxy and trifluromethyl substitution produced no significant change as 

compared to MD-354. Also, the analog with no meta substituent decreased minimal potency 

(IC50 = 59.8 µM). meta-Substitution seems to have a minimal, yet complex, effect on alpha7 

NAM action. 
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Abstract: Xenopus laevis oocytes are widely used as a heterologous expression system for the 

study of membrane transport proteins. Most commonly, expression is initiated by the 

microinjection of poly(A)-cRNA. A unique variant of the oocyte microinjection/expression 

system, however, utilizes the micro-transplantation of preassembled membrane proteins in 

vesicles that then integrate into the oocytes plasma-membrane. Our goal is to utilize the latter 



system to assess the functionality of affinity-purified and lipid-reconstituted pentameric ligand-

gated ion channels (pLGIC), including Ŭ4ɓ2 and Ŭ3ɓ4 nicotinic acetylcholine receptors 

(nAChRs), and the Gloeobacter violaceus ligand-gated ion channel (GLIC). First, we micro-

transplanted HEK-293 cell membranes containing Ŭ4ɓ2 or Ŭ3ɓ4 nAChRs into oocytes and 

monitored incorporation into the oocyte plasma-membrane, receptor functionality and 

pharmacology using two-electrode voltage-clamp (TEVC) recordings. For Ŭ4ɓ2 and Ŭ3ɓ4 

nAChRs, the acetylcholine (ACh) dose-response curves yielded EC50 values of 2.28 ɛM and 

147.7 ɛM, respectively. The EC50 values determined for these micro-transplanted neuronal 

receptors are consistent with those from previously published data. Next, using protein 

transplantation into oocytes, we also have established an optimal set of conditions for detergent 

solubilization, affinity purification, and membrane reconstitution that preserves the functionality 

of a number of pLGICs. 
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Abstract: Selected nicotinic agonists were used to activate and desensitize high-sensitivity (HS; 

(Ŭ4)2(ɓ2)3) or low-sensitivity (LS; (Ŭ4)3(ɓ2)2) isoforms of human Ŭ4ɓ2-nicotinic acetylcholine 

receptors (nAChR). Function was assessed using two-electrode voltage-clamp electrophysiology 

in Xenopus oocytes expressing concatenated pentameric HS or LS Ŭ4ɓ2-nAChR constructs (HSP 

and LSP). Unlike for previously-studied agonists, desensitization induced by the highly-selective 

agonists A-85380 and sazetidine-A (Saz-A) preferentially reduced Ŭ4ɓ2-nAChR HS-phase vs. 

LS-phase responses. The concatenated-nAChR experiments confirmed that å20% of LS-isoform 

ACh-induced function occurs in an HS-like phase, which is abolished by Saz-A preincubation. 

Six mutant LSP were generated, each removing a conserved agonist-binding residue within the 

LS-isoform-only Ŭ4(+)/(-)Ŭ4 interface agonist binding site. Every mutation reduced the 

percentage of LS-phase function, demonstrating that this agonist site underpins LS-phase 

function. Oocyte-surface expression of the HSP and each of the LSP constructs was statistically 

indistinguishable, as measured using ɓ2-subunit-specific [125I]mAb295 labeling (the presence of 

two vs. three ɓ2 subunits in HSP vs. LSP nAChR was accounted for). However, maximum 

function was approximately 5x greater on a ñper receptorò basis for unmodified-LSP vs. HSP 

Ŭ4ɓ2-nAChR. Thus, recruitment of the Ŭ4(+)/(-)Ŭ4 site at higher agonist concentrations appears 

to augment otherwise-similar function mediated by the pair of Ŭ4(+)/(-)ɓ2 sites shared by both 

isoforms. Further studies modified selected residues implicated in agonist binding at specific 

Ŭ4(+)/(-)Ŭ4 or Ŭ4(+)/(-)ɓ2 subunit interfaces within HSP and LSP constructs. Significantly, the 

same mutations applied to one or the other of the nominally-identical Ŭ4(+)/(-)ɓ2 agonist binding 

sites within an HSP construct produced different functional outcomes. Thus, the two Ŭ4(+)/(-)ɓ2 

agonist binding sites contribute asymmetrically to the function of Ŭ4ɓ2 nAChR. These studies 

elucidate subunit interface bases for differences in pharmacology of Ŭ4ɓ2-nAChR isoforms and 

illustrate new opportunities to selectively manipulate HS vs. LS Ŭ4ɓ2-nAChR activity. In turn, 

since Ŭ4ɓ2 nAChR are the predominant neuronal subtype, these discoveries may provide 

important insights for drug discovery and development. 
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Abstract: Background: Neuronal nicotinic acetylcholine receptors (nAChRs), contribute in 

excitatory transmission, are increasingly receiving attention as therapeutic targets; however, their 

physiological roles remain elusive. Seventeen homologous subunits organize in unique 

stoichiometries to form the native pentamers. The agonist concentration-response relationship of 

these receptors depends on the subunit composition that determines subtype-specific receptor 

pharmacology. The issue is rarely addressed at single-molecule level. Therefore, here I present 

kinetic modeling approach on nAChRs containing putative (Ŭ-3ɓ-4)2Ŭ-3 and (Ŭ-3ɓ-4)2ɓ-4 

stoichiometries, at single-channel level. Methods: HEK293 cells were transiently co-transfected 

(15 h) with cDNAs for Ŭ-3:ɓ-4 subunits (1:6 ratio) and GFP using calcium phosphate 

precipitation method. Electrophysiological data were recorded for the next 2 days (23Cʐ, cell-

attached, PBS). Single-channel data were low-pass filtered at 20- and digitized at 50-kHz. QuB 

suit was used to acquire and analyze the data. Results: Single-channel recordings were generated 

for acetylcholine, epibatidine, anabasine, choline and TC2559 at multiple concentrations. At sub-

micromolar concentrations all agonists, except choline, showed isolated openings/burst with two 

distinct current amplitudes (L, low and H, high). Open-channel life-times of L-type events were 

approximately longer compared to the H-type openings. Analyses of only acetylcholine data are 

presented here. A partially conducting state was observed at lower concentrations; the lifetime 

and frequency of which decreases at increasing concentrations, from 0.1 to 30 ɛM. The Closed-

Open events (at >100 ɛM) were clustered and separated by sojourns in long C periods. Based on 

the intra-cluster open probability (Po) difference, the L- and H-type datasets were segregated 

using SKM. Single-channel current amplitudes (pAÑS.D.) at 100, 300 and 500 ɛM acetylcholine 

were 3.2±0.1, 3.1±0.1 and 2.3±0.15 (L) and 5.3±0.3, 5.2±0.1 and 4.9±0.0.4 (H). The intra-

clusters dwell times (for L and H) were fitted with one open and three closed exponentials; a 

predominant C component (95%) likely corresponds to the main gating event. The Po was 

reduced at increasing concentrations in both populations. Conclusions: 1. The low- and high-Po 

clusters may represent activity from (Ŭ-3ɓ-4)2Ŭ-3 and (Ŭ-3ɓ-4)2ɓ-4 combinations, respectively. 

2. Determination of gating rate and equilibrium constants is experimentally feasible as single 

C/O components are apparent. 3. The inverse correlation between the agonist concentrations and 

Po may be due to agonist-induced open channel block. 
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Abstract: Bupropion is clinically used as an antidepressant, as well as smoking-cessation aid. It 

is known to act as a non-competitive antagonist of nicotinic acetylcholine receptors (nAChRs). 

Previously, we used the photoreactive bupropion analogue (±)-2-(N-tert-butylamino)-3'-[
125

I] -

iodo-4'-azidopropiophenone ([
125

I] -SADU-3-72) to identify binding sites in the Torpedo 

(muscle-type) nAChR. To extend our study we investigated bupropionôs effect on proton-

induced currents in Gloeobacter violaceus ligand-gated ion channel (GLIC), a prokaryotic 

homologue of pentameric ligand-gated ion channels, after expression in Xenopus laevis oocytes 

with two-electrode voltage-clamp recordings. Co-application of bupropion resulted in reduction 

of pH-induced currents with an IC50 value of 25 ɛM. Affinity-purified and detergent solubilized 

GLIC expressed in E. coli was photolabeled with [
125

I] -SADU-3-72. In preliminary experiments, 

we have established bupropion-specific photo-incorporation in the GLIC subunits. Further 

studies are in progress to identify site(s) of labeling in GLIC, which can be conserved across the 

eukaryotic members of pLGICs. 
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Abstract: Ŭ7-nAChR plays an important role in memory, learning, and cognition. It is also a 

therapeutic target for neurological disorders, such as schizophrenia and Alzheimerôs disease. 

Positive allosteric modulators (PAMs) of Ŭ7-nAChR hold therapeutic promise. 1-(5-chloro-2,4-

dimethoxyphenyl)-3-(5-methylisoxazol-3-yl)urea (PNU-120596) and 3a,4,5,9b-Tetrahydro-4-(1-

naphthalenyl)-3H-cyclopentan[c]quinoline-8-sulfonamide (TQS) are potent and selective PAMs 

for Ŭ7-nAChR. They were thought to act through binding to the transmembrane domain (TMD) 

of Ŭ7-nAChR, but the precise binding sites were uncertain. Here, we applied high-resolution 

nuclear magnetic resonance spectroscopy (NMR) and surface plasmon resonance (SPR) to 

determine the binding sites and affinities of PNU-120596 and TQS. Ivermectin, a ligand 

potentiating Ŭ7-nAChR and activating the Ŭ7-nAChR TMD channel, was also included in the 

studies. Three nAChR constructs, including the full-length human Ŭ7-nAChR, the TMD alone, 

and the TMD with the intracellular domain (TMD+ICD), were expressed in E. coli and purified 

using NiNTA affinity chromatography. The steady-state SPR responses of ligand binding to 

immobilized Ŭ7-nAChR constructs as a function of ligand concentration were measured at 25°C 

using a Biacore 3000 with the NTA sensor chip. Dissociation constants were derived by non-

linear regression analysis using a Langmuir isotherm equation. In agreement with previous 

functional data, the SPR results show that, among the three tested ligands, PNU-120596 has the 

highest affinity to Ŭ7-nAChR, followed by TQS and ivermectin. Moreover, each ligand has a 

similar binding affinity to the full-length Ŭ7-nAChR, the TMD and the TMD+ICD, confirming 

that the ligand binding sites are within the TMD. NMR experiments were performed on the Ŭ7-

nAChR TMD, which forms functional channels that can be activated by ivermectin and 

potentiated by PNU-120596 and TQS. NOESY and 2D saturation transfer NMR spectra, as well 

as ligand-induced chemical shifts, revealed intra-subunit binding sites for TQS and PNU-120596 



that are located towards the extra- and intra-cellular ends of the TMD, respectively. Although the 

observed site for PNU-120596 was similar to that suggested previously by mutagenesis data, the 

TQS site is novel. Ivermectin was also found in a novel site formed between TM3 and TM4 of a 

single subunit and the surrounding lipids. The atomistic views of PNU-120596, TQS, and 

ivermectin acting on Ŭ7-nAChR are invaluable for the development of new PAMs of therapeutic 

potentials. This work was supported by NIH (R01GM56257 and R01GM66358 to P.T. and 

R37GM049202 to Y.X.). 
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Abstract: The venom of Conus purpurascens contains several novel Ŭ-conotoxins, which are a 

conserved family of conopeptides that inhibit nicotinic acetylcholine receptors (nAChRs). The 

decreased functionality of nAChRs is associated with several diseases, including Alzheimerôs 

disease, Parkinsonôs disease, and nicotine addiction. Ŭ7 nAChRs are expressed in the giant fiber 

system (GFS) of Drosophila melanogaster, which is a well-characterized neuromuscular circuit 

that is responsible for the escape response of the fly. We have developed a Drosophila based 

electrophysiological assay that allows us to characterize Ŭ-conotoxins. In this study, 

conopeptides from C. purpurascens were extracted from live specimens using a milking 

procedure and separated by reverse-phase high performance liquid chromatography (RP-HPLC). 

A panel of known Ŭ-conotoxins, PIA, PIB, and PIC, as well as novel conopeptides, were 

identified using bioanalytical techniques (Edman degradation, MS, and NMR). Paired 

nanoinjection of purified conotoxins into D. melanogaster with simultaneous 



electrophysiological recording of the two muscles used in the escape response was used to screen 

the compounds. Our findings show that some novel conotoxins from the venom of C. 

purpurascens alter the synaptic transmission of the Ŭ7 nAChR-dependent D. melanogaster GFS 

pathway. The continued effort to characterize Ŭ-conotoxins is of great importance, as they can be 

used as probes to study disease pathways and neurodegeneration. 
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Abstract: Tetramethylammonium (tetMA) is the minimal structure that will effectively activate 

the ion channel of neuronal nicotinic acetylcholine receptors (nAChR). 

Dimethyldiethylammonium (diMdiEA) is the minimal structure which will selectively activate 

homomeric alpha7 nAChR. The minimal structure which will produce activation of alpha7 

nAChR that is manifest only when the conformational landscape of the receptor has been altered 

by the binding of a type II positive allosteric modulator (silent agonism) is tetraethylammonium 

(tetEA). We have tested a series of simple amines and five additional sets of compounds with 

progressively larger core structures and determined that, for the essential cationic center, single 

methyl groups are transposable elements that can impart quantal changes in pharmacology. We 

identify a critical size for the core ammonium group to be approximately 150 Å3, such that 

analogs with solvent-excluded volume larger than this have profoundly reduced efficacy under 

normal conditions but may still function as silent agonists. We have previously shown that the 

selectivity motif of diMdiEA is one of three such motifs which can be placed in a naturally non-

selective agonist in order to generate an analog that selectively activates alpha7 nAChR. We now 



report that the properties of the core cationic center in a nonselective agonist within much larger 

global structure, such as 1,1-dimethyl-4-phenylpiperazine (diMPP) , can be modified in the same 

manner as the simpler amines to establish alpha7 selectivity by extending the N-methyl group to 

an ethyl group. Replacing the remaining N-methyl group with an ethyl group creates a tetEA 

substructure within the original diMPP framework that then becomes an alpha7-selective silent 

agonist. We have extended this approach to three other pairs of diMPP analogs, and our data 

support the characterization of a transposable core cationic center which is the key regulator of 

the detailed pharmacological property of nicotinic agonists with extended structures. These data 

suggest that while the ligand binding domain is tolerant of large molecules, presumably 

accommodated in the subunit interface, within the subdomain of the core cation recognition 

center there are stringent requirements for molecules to activate the ion channel and/or induce 

the conformational changes associated with the desensitized states that can be converted to 

conducting states by a type II positive allosteric modulator. 
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Abstract: Dietary supplements have been the focus of research to identify novel therapeutics for 

a variety of pathologies, including the prevention of long-term consequences of stroke and 

reducing pain. Ion channels offer a growing group of molecular targets for treatment, which 

includes the acid-sensing ion channels (ASICs). The ASICs are sodium selective channels that 



are sensitive to changes in extracellular pH, specifically those changes following injury and 

ischemia. These channels are expressed most prominently in central and peripheral nervous 

system. The ASIC1a has been implicated centrally in the neurodegeneration following ischemic 

stroke while ASIC3 is involved in pain sensation. The extracellular domain of ASIC offers 

several sites for interacting with protons and guanidine compounds. We identified an over the 

counter dietary supplement (DS) which can modulate the activity of ASICs by altering the 

channelôs proton sensitivity using whole-cell patch-clamp electrophysiology. The dietary 

supplement increased the ASIC1a pH50 values at physiologically relevant supplement 

concentrations consistent with suggested dietary supplementation. Our preliminary data show 

that ASIC3 peak current amplitude is reduced in the presence of the dietary supplement. Future 

studies will focus on the full characterization of the dietary supplement actions on ASICs. Our 

findings suggest that dietary supplement may be 

neuroprotective.  
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Abstract: Acid-sensing ion channels (ASICs) are sodium-selective ion channels activated by 

extracellular protons. These sodium channels are important components of physiological 

processes, like action potential propagation, as well as pathophysiological conditions, such as 

pain and ischemic stroke. Multiple subtypes exist that are widely distributed throughout human 

physiology and these subtypes respond differently to concentrations of protons in the 

extracellular space. Crystal structures of ASIC1 revealed that these channels are trimeric and 

possess a large extracellular domain likely organized for interaction with ligands more complex 

than protons. In particular, nonproton ligands like 2-guanidine-4-methylquinazoline (GMQ) and 

divalent cations (Ca2+) can interact with these acid-sensing ion channels to modulate channel 

activity. Previous electrophysiological studies indicate that reducing extracellular calcium 

concentrations can activate ASIC3. Calcium appears to lock the channel in a closed state and this 

calcium block must be removed before the channel can activate with protons or other ligands, 

like GMQ. The concentration-dependent activation of ASIC3 via GMQ application likewise is 

dependent on the removal of the calcium block before interacting with the nonproton ligand 

sensor domain. Here, we probed the role of the calcium block site in GMQ activation of ASIC3. 

Using full-length ASIC1, ASIC3 and ASIC1/ASIC3 chimeric receptors, we observed that there 

is a sequential step in the removal of calcium before GMQ activation. To fully resolve these 

steps, we will substitute other divalent cations for calcium (such as Cd2+, Co2+, Ba2+) and 

assess the changes in GMQ ASIC activation using patch clamp electrophysiology. We anticipate 

that higher affinity divalent cations (such as Cd2+) for the ASIC calcium block site will slow 

GMQ activation. Thus, our work will elucidate the role of divalents and GMQ on ASIC3. 

Disclosures:  R.N. Smith: None. E.B. Gonzales: None. 
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Abstract: Acid-sensing ion channels (ASICs) are ligand-gated cation channels that respond to 

acidic stimuli, over the years they have taken great relevance because they are involved in a 

number of neurological diseases such as pain, ischemic stroke, multiple sclerosis. The ASICs are 

homotrimers or heterotrimers of four ASIC subunits (1...4), each channel conformation 

displaying distinct properties. The extracellular portion of the pore of the ASIC has negatively 

charged regions and it is believed that this region facilitates an accumulation of cations near the 

pore. Tobramycin (Tbr) is a polycationic molecule, fact that makes feasible its binding to the 

ASIC, modulating the ionic current. In this work we recorded the acid gated current in CHO cells 

transfected with ASIC1a, 1b and 2a subunits. We found that the Tbr are capable to inhibit the 

ASIC current depending on the type of ASIC subunit and the state of the channel (open or 

closed). Tobramycin (100 µm) inhibits the ASIC1b current when it interacts with the channel in 

closed state (pre-application) (32 ± 5%), and have no significant effect when interaction with the 

channel is in open state (co-application); in contrast Tbr has an effect on ASIC2a current when 

co-applied (50 ± 8%). In the case of ASIC1a we noted an inhibition of the peak current in both 

conditions, pre- and co-application (33 ± 2% and 14 ± 7% respectively). These results suggest 

that the Tbr is a relevant tool for the study of the ASIC and that analogues of this molecule may 

constitute be new and valuable drug family. 
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Abstract: Acid-sensing ion channels (ASICs) are abundantly expressed membrane-bound cation 

channels that activate upon acidosis of the extracellular fluid. Evidence indicates that ASIC1a, a 

critical subunit of the ASIC1 channel, is expressed at relatively high levels in the nucleus 

accumbens (NA), a region known to regulate drug addiction-related behaviors. The present study 

investigated whether ASIC1a, especially in the NA, regulates two addiction-related behaviors: 

cocaine conditioned place preference (CPP) and cocaine self-administration. In order to examine 

the contribution of ASIC1a to cocaine-associated learning and memory, ASIC expression was 

disrupted globally using Asic1a-/- mice. Mice then underwent CPP, in which they were 

administered cocaine (10 mg/kg, diluted in 0.9% saline, i.p.) and confined to one side of a two-

sided chamber (the cocaine-associated context). During testing, Asic1a-/- mice showed 

significantly greater cocaine CPP relative to controls. To determine whether the NA was 

responsible for these effects, ASIC1a expression was restored in the NA of Asic1a-/- mice by 

injecting 0.5 µl of 70% AAV-Asic1a and 30% AAV-eGFP bilaterally into the NA. Restoring 

ASIC1a in the NA of Asic1a-/- mice reversed the increased CPP found in the knockout mice. To 

further confirm the NA as the responsible brain region, site-specific disruption of ASIC1a was 

achieved by using Asic1aloxP/loxP mice and bilaterally injecting AAV-Cre into the NA. 

Selective disruption of ASIC1a in the NA also significantly increased preference on the CPP test 

compared to control mice. These findings suggested that ASIC1a in the NA plays a role in 

regulating the rewarding/reinforcing properties of cocaine. To determine whether this was the 

case using a self-administration model, ASIC1a was overexpressed in rats by injecting 0.5 µl of 

AAV2/1-CMV-Asic1a(mouse) bilaterally into the NA core. Rats were trained to self-administer 

cocaine in daily two-hour sessions during which active lever presses resulted in an intrajugular 

cocaine infusion. Rats underwent one day of self-administration with each of five cocaine doses 

(300, 90, 30, 9, 3 µg/infusion) to create a dose-response curve. Overexpression of ASIC1a in the 

NA of rats reduced cocaine self-administration relative to AAV2/1-CMV-eGFP controls and 

produced a rightward shift in the dose-response curve, suggesting that increasing ASIC1a 

expression and activity in the NA reduced the reinforcing properties of cocaine. Together, these 

results suggest that ASIC1a in the NA is involved in the rewarding properties of cocaine and, 

moreover, point to a novel potential therapeutic target for drug addiction. 

Disclosures:  A.L. Schwager: None. C. Kreple: None. C. Cosme: None. Y. Lu:  None. J. 
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Abstract: Motivated behaviors, such as food-gathering, mate-seeking, predator-evasion, and 

harm-avoidance, are necessary for the propagation and survival of most species, particularly 

animal species. However, when environmental factors or stimuli subvert the neural mechanisms 

underlying these adaptive behaviors, maladaptive behaviors and disease states can arise, such as 

addiction in response to drugs of abuse. For example, in mammals, it is well-documented that 

most psychoactive drugs of abuse impinge upon the mesolimbic dopamine pathway that plays a 

vital role in countless motivated behaviors. The intricacy of the mammalian nervous system and 

the rich behavioral variety of which mammals are capable add layers of complexity to the study 

of addiction biology. As the hermaphroditic nematode, Caenorhabditis elegans, is capable of 

self-fertilization, their motivated behaviors are limited largely to foraging and avoidance 

behaviors. For example, C. elegans will move up the gradient of chemicals associated with or 

predictive of a food source. Meanwhile, these worms will crawl down a gradient of noxious 

chemicals and will avoid areas of high osmolarity or irradiated with high intensity light. 

Moreover, myriad studies have demonstrated that C. elegans is sensitive to a number of plant 

alkaloids frequently abused by humans and other mammals, including nicotine and cocaine, 

among others. In addition to the constrained behaviors C. elegans exhibits, the hermaphrodite 

nervous system consists of only 302 neurons, with a reliably complete and long-established 

connectome. Furthermore, the genetic amenability and short generation time of these nematodes 

makes them an attractive model for investigating the manner in which drugs of abuse usurp 

adaptive neural mechanisms to elicit maladaptive behavioral outcomes. Accordingly, we have 

developed a behavioral paradigm that allows us to screen mutant worms rapidly for both 

canonical and novel targets for drugs of abuse, such as acid-sensing ion channels, transient 

receptor potential channels, and epithelial sodium channels. 
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Abstract: Acid-sensing (proton-gated) ion channels belong to the ENaC/degen (Lv et al., 

2011)erin superfamily of sodium (Na+) channels that includes the epithelial Na+ channel 

(ENac). ASIC channels are multimeric channels made of homologous subunits; the subunits 

ASIC1-4 are encoded by four different genes ACCN1-4 genes.. Evidence support the role of 

ASICs in pain sensation, expression of fear, neurodegenerarion after ischemia (see for review 

Wemmie 2013) Spontaneous mutations in ASIC1a have been associated to genetically 

transmissible diseases such as temporal lobe epilepsies . Activated by low pH, ASICôs display a 

fast response onset and rapid desensitization. Sharing similarities to other ligand gated such as 

the neuronal nicotinic acetylcholine receptors, ASIC1 are inactivated (desensitized) by sustained 

exposure to a condition that otherwise produces activation. Namely, desensitization occurs at pH 

that are higher (more alkaline) than those causing its activation, which results in activation and 

desensitization profiles that do not necessarily overlap or yield the so call window currents. 

Probing ASIC channels function was conducted using heterologous expression in Xenopus 

oocytes as well as in patch clamp in transfected cells (Vallet et al., 1998;Waldmann et al., 

1997;Li et al., 2012). Development of HiClamp, an automated electrophysiological system using 

expression in Xenopus oocytes offers fast drug application and minimal compound volume 

allowing multiple measurements in 230 ɛL of solution and was shown to be optimum for 

functional investigation of ligand gated channels. In this work we present the latest developments 

of automated recordings for ASIC1a channels expressed in Xenopus oocytes and revisit 

physiological and pharmacological properties of this important class of ion channels. Offering 

new possibilities for functional screening of these rapidly desensitizing channels this work 

illustrates how to probe effects of libraries of compound in an unattended manner. References Li 

T, Yang Y, Canessa CM (2012) Impact of recovery from desensitization on acid-sensing ion 



channel-1a (ASIC1a) current and response to high frequency stimulation. J Biol Chem 

287:40680-40689.Lv RJ, He JS, Fu YH, Zhang YQ, Shao XQ, Wu LW, Lu Q, Jin LR, Liu H 

(2011) ASIC1a polymorphism is associated with temporal lobe epilepsy. Epilepsy Res 96:74-80. 

Vallet V, Horisberger JD, Rossier BC (1998) Epithelial sodium channel regulatory proteins 

identified by functional expression cloning. Kidney Int Suppl 67:S109-S114. Waldmann R, 

Champigny G, Bassilana F, Heurteaux C, Lazdunski M (1997) A proton-gated cation channel 

involved in acid-sensing. Nature 386:173-177. 
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Abstract: NMDA receptor subunit composition commands receptor function and 

pharmacological responses. The identity of the GluN2 subunit regulates biophysical and 

pharmacological properties of the receptor and influences receptor assembly, signaling and 

localization. Recently, a two-hybrid screening has highlighted Rabphilin 3A (Rph3A) as a new 

GluN2A partner. Rph3A is a synaptic vesicle-associated protein first identified as a binding 

partner of Rab3A. Moreover, different studies have indicated that Rph3A can regulate exo- and 

endocytosis processes at presynaptic sites. Our goal was to characterize Rph3A interaction with 

GluN2A at postsynaptic sites and to assess its function. Subcellular fractionation assays revealed 

that Rph3A is present in postsynaptic density (PSD) fractions. Immunofluorescence studies 

performed in neuronal hippocampal cultures revealed Rph3A colocalization with PSD-95 and 

GluN2A. With co-immunoprecipitation and GST-pulldown assays, we found Rph3A to be 

interacting with GluN2A(1349-1389) as well as PSD-95(PDZ3) domains. Therefore, we 



designed a cell permeable peptide containing GluN2A(1349-1389) sequence (Tat-2A-40) that 

disrupts the interaction between Rph3A and GluN2A, reduces the expression of GluN2A in 

dendritic spines and its surface expression and acutely reduces the amplitude of NMDAR-

mediated currents. Moreover, we observed a decrease of hippocampal GluN2B-to-GluN2A 

developmental perturbation at postsynaptic sites in pups injected with Tat-2A-40 at that crucial 

development stages. These results demonstrate the presence of Rph3A in the PSD compartment 

and indicate a function of Rph3A in the modulation of GluN2A localization through the 

formation of a triple complex with GluN2A and PSD-95. 

Disclosures:  F. Gardoni: None. J. Stanic: None. M. Carta:  None. A.A. Genazzani: None. C. 
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Abstract: Conantokins are naturally occurring, gamma-carboxyglutamate (gla)-containing 

neuroactive peptides found in the venom of marine snails, which have been studied for their 

highly selective antagonistic activity towards N-Methyl-D-Aspartate Receptors (NMDAR). Here 

we report the characterization of peptides from Conus parius and Conus rolani species of snail 

identified as Conus parius1, 2, and 3 (ConPr1, 2, 3) and conantokinRlB (ConRlB), which 

uniquely differs from other conantokins by the presence of a 4-transhydroxyproline (Hyp óOô) 

residue. These conantokins have been studied for their structural Ŭ-helical conformation in the 

presence or absence of divalent ions, as well as their biological effects downstream of NMDAR 

activation. ConPr1 and ConPr2 showed an increase in Ŭ-helicity on addition of Mg
2+

 ions, 



whereas native-apo-ConPr3 is inherently helical. ConRlB displays 62% Ŭ-helicity when 

compared to ConG (100%), in presence of Mg
2+

. Further elucidation of backbone structure of 

Mg
2+

-ConRlB by 
1
H NMR and TALOSplus software has predicted a disruption in the helix due 

to the presence of Hyp at position 10. Robust inhibition of intracellular calcium influx [iCa
2+

] 

and whole cell recordings was observed in GluN2A
-/-

 mice cortical neurons, but not in GluN2B
-/-

 

neurons, revealed GluN2B subunit specific activity of Con Pr peptides and ConRlB. Synthesis of 

mutant peptides to assess the role of Hyp in 10
th
 position in ConRlB was aimed at elaborating the 

molecular requisites required by these peptides for their unique structural and functional 

attributes. ConG[Insert 10 óOô] and ConRl-B[K8N,A9Q,æO] behave functionally and 

structurally similar to their respective parent peptides, ConG and ConRlB, calling to attention the 

role played by amino acids other than the second inter-gla fragment. In addition, ConPr1, 2, 3 

and ConRl-B peptides mildly inhibited NMDA-mediated phosphorylation of CREB at Ser133, a 

transcription factor required for maintaining long term synaptic activity. Therefore, inhibitory 

properties displayed by the conantokins antagonize NMDAR-directed current and iCa
2+

 influx, 

while maintaining the receptor-coupled CREB signaling pathway. Similar experiments were 

performed with GluN2C
-/-

 and GluN2D
-/-

 neurons. A significant inhibition of iCa
2+

 influx was 

observed by ConG and ConRlB in DIV9 GluN2D
-/-

 neurons, but not in DIV13-15 GluN2D
-/- 

neurons. In conclusion, biophysical and cellular characterization in conjunction with genetic 

studies enables correlations of the structure-function relationships of conantokins as allosteric 

inhibitors of NMDAR. 
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Abstract: A single injection of NMDAR antagonists produces a rapid antidepressant response. 

Lasting changes in synapse structure and composition underlie the effectiveness of these drugs. 

However, little is known about the molecular and biochemical mechanisms which initiate these 

systemic changes. We recently discovered that rapid antidepressants cause a shift in the 

GABABR signaling pathway. With NMDAR antagonists, GABABR activation shifts from 

opening potassium channels to increasing resting dendritic calcium signal and mTOR activity. 

Herein, we find that GABABR signaling to Kir3 (GIRK) channels is reduced with NMDAR 

blockade. Consistent with these findings, in vivo administration of the rapid antidepressant AP5, 

decreases hippocampal expression levels of Kir3.2 while increasing GABABR2. Relieving 

NMDA-dependent repression of 14-3-3ɖ protein expression promotes the decoupling of 

GABABR signaling from Kir3 and is required for the rapid antidepressant efficacy. Taken 

together, these data suggest that the shift in GABABR function requires a loss of GABABR-Kir3 

channel activity mediated by 14-3-3ɖ. Our findings support a central role for 14-3-3ɖ in the 

efficacy of rapid antidepressants and define a critical molecular mechanism for activity-

dependent alterations in GABABR signaling. 

Disclosures:  E. Workman:  None. P.C.G. Haddick: A. Employment/Salary (full or part-time):; 

Genentech. E. Ownership Interest (stock, stock options, royalty, receipt of intellectual property 
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Abstract: Appropriate development of interneurons is essential in ensuring normal CNS 

function. Indeed, the precipitation of a number of neurological disorders can be linked to 

interneuron dysfunction. Together, the neurogliaform cell (NGFC) and the closely related Ivy 

cell comprise the most abundant group of interneurons in the CA1 hippocampal region, and their 

recruitment results in widespread GABA volume transmission. Thus NGFCs/Ivy cells have the 

potential to impart an inhibitory influence on large numbers of neurons within the hippocampal 

circuitry. However, in contrast to other interneuron subtypes, relatively little is known about 

NGFC function and in particular the developmental aspects of their circuit integration. NMDA 

receptors (NMDARs) have been implicated in a wide variety of cellular phenomena from 

proliferation/migration through to synaptic refinement/plasticity and recruitment. NGFCs located 

in the stratum lacunosum moleculare (S-LM) receive excitatory input from the entorhinal cortex 

via the temporoammonic pathway (TA) and serve as pure feed-forward interneurons, inhibiting 

distal dendrites of CA1 pyramidal cells. In the current study we show that upon TA stimulation, 

S-LM NGFCs possess unusually large NMDAR-mediated responses when compared to other 

CA1 interneuron subtypes. This prompted us to focus on the possible roles of NMDAR 

expression on varying aspects of NGFC development. The majority of S-LM NGFCs arise from 

progenitors in the caudal ganglionic eminence (CGE) that specifically express the 5HT3A 

serotonergic receptor. Crossing floxed NR1 knockout mice with mice in which the 5HT3A 

promoter drives expression of both Cre and tdTomato (Ai14 reporter) allowed us to generate 

deletion of NMDARs in NGFCs. Initial data indicate a decreased density of S-LM NGFCs in 

5HT3ACre:NR1
-/-

 when compared to wild-type mice across a number of developmental time 

points. Furthermore, NGFCs in which functional NMDAR-mediated currents were abolished 

using our genetic strategy demonstrated a significantly larger AMPA sEPSC frequency but no 

change in peak amplitude. Importantly, the paired pulse ratio of TA-evoked AMPA EPSCs was 

unchanged in 5HT3ACre:NR1
-/- 

compared to WT indicating similar release probabilities at TA 

inputs to WT and NR1 knockout NGFCs. Altogether these data suggest NMDARs play a crucial 

role in varying aspects of NGFC development including regulating functional synapse formation. 

We are currently expanding on these data to confirm our initial findings and also to fully 

investigate the underlying mechanisms involved. 

Disclosures:  E.S. Barksdale: None. R. Chittajallu:  None. X. Yuan: None. D. Collins: 
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Abstract: The N-methyl-D-aspartate receptors (NMDARs) are glutamate-gated ionotropic 

receptors which play a crucial role in synaptic plasticity and cognitive functions. When their 

function is altered these receptors are also involved in a broad range of neurologic and 

psychiatric disorders. NMDA receptors activation requires the binding of glutamate and of a 

coagonist that could be glycine or D-serine. Here we investigated the respective contribution of 

glycine and D-serine in controlling NMDARs activity in CA1 and dentate gyrus (DG) 

subregions of the rat hippocampus, a brain area underlying synaptic plasticity and memory 

formations. To that purpose we recorded NMDAR-mediated field excitatory post-synaptic 

potentials (fEPSPs) elicited at CA3-CA1 synapses and in DG stratum moleculare in response to 

the stimulation of Schaffer collaterals and to medial Perforant Path fibers respectively in acute 

hippocampal slices. Selective depletion of endogenous D-serine with applied recombinant D-

amino acid oxidase (DAAO) dramatically reduced NMDAR-fEPSPs in the CA1 but not in the 

DG. Conversely, application of glycine oxidase (GO) to selectively deplete endogenous glycine 

had no significant effect in CA1 while it significantly impacted NMDA-fEPSPs in the DG. We 

next showed that pharmacological inhibition of the DAAO potentiated responses in the CA1 but 

not in the DG, further demonstrating that glycine is the major coagonist for NMDARs in the DG 

whereas D-serine is the preferred one at CA3-CA1 synapses. This regional compartmentalisation 

of the coagonist identity is associated to a specific subtype of GluN1/GluN2A or 2B-containing 



NMDARs as evidenced by the use of specific antagonists and immunoblot analyses. Strikingly, 

both amino acids are mandatory for long-term changes in synaptic plasticity. Indeed, enzymatic 

ablation of their functions occluded the induction and expression of Long Term Potentiation in 

both DG and CA1. We finally performed experiments in juvenile rats (P9-P14) at the time where 

GluN1/GluN2B-containing NMDARs over numbered GluN1/GluN2A NMDARs at CA3-CA1 

synapses as compared to mature synapses. Here we revealed a developmental switch in the 

identity of the coagonist since glycine and not D-serine is the preferred coagonist in immature 

CA3-CA1 synapses. Accordingly, pharmacological inhibition of DAAO at immature CA3-CA1 

synapses failed in potentiating NMDA-fEPSPs as compared to mature synapses. Altogether, our 

observations revealed an unprecedented developmentally and regionally switch in the identity of 

the coagonist at synaptic NMDARs. 
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Abstract: BOLD imaging at 7.0 Tesla was performed on awake rats to examine the dose-

dependent changes in brain activity with the NMDA antagonists ketamine and CP101-606. 

Human and animal studies using 2DG, cFos, PET and MRI have identified several key areas that 

comprise the ketamine sensitive neural network . With dose escalation the activity of this 

network shows increasing positive BOLD for both ketamine and CP101-606 in limbic cortex and 

brain areas associated with emotion and cognition. The pattern of positive BOLD signal change 

is very similar for both antagonists across a broad range of doses (0.1 - 10mg/kg)(Fig 1). 

However, at low doses of both drugs (0.1mg/kg) the pattern of negative BOLD signal change is 



significantly different. Treatment with CP101-606 results in a robust negative BOLD signal 

change localized primarily to pontine, cerebellar and brainstem areas. CP101-606 (Traxoprodil) 

is selective for the NR2B subunit of the NMDA receptor and shown to have neuroprotective 

effects in Parkinson's models with some evidence of having rapid antidepressant effects similar 

to ketamine. Given the similarity in positive BOLD between both antagonists it is likely that 

activation of a common neural circuitry is responsible for antidepression effects while the unique 

inhibition in brain activity by CP101-606 in the pons, cerebellum and medulla oblongata may 

provide protection in animals models of 

neurodegeneration.  

Disclosures:  K. Moore:  None. P. Kulkarni:  E. Ownership Interest (stock, stock options, 
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Abstract: GRIN2A encodes the GluN2A subunit of the NMDA receptor, a subtype of ionotropic 

glutamate receptor that displays voltage-dependent block by Mg
2+

 and a high permeability to 

Ca
2+

; these receptors play important roles in synaptogenesis and synaptic plasticity. Recently 

individuals with a range of childhood onset epilepsies and intellectual disability have been found 

to carry heterozygous missense mutations in this gene, including a de novo mutation substituting 

lysine for an asparagine in the NMDA receptor M2 pore region (GluN2A
N615K

). We 

hypothesised that this mutation underlies the carrierôs early onset epilepsy and severe intellectual 

disability and sought to explore its functional consequences. As the altered residue comprises 

part of the ion permeation pathway, we made two-electrode voltage clamp recordings from 

Xenopus laevis oocytes expressing GluN1/GluN2A
N615K

 NMDARs and compared these to wild-

type (WT) GluN1/GluN2A NMDARs to assess this mutationôs effect on the potency of voltage-

dependent Mg
2+

 inhibition. As might be anticipated given the location and nature of the mutation 

we found that Mg
2+

 (1 mM) block of GluN1/GluN2A
N615K

 mediated currents, at -60 mV, was 

significantly decreased (5 ± 2% (N615K, n = 13); 89 ± 1% (WT, n = 15)). Furthermore, block by 

memantine (10 µM) and amantadine (100 µM) was also reduced at GluN1/GluN2A
N615K

 

NMDARs compared to WT NMDARs (memantine: 26 ± 1% (N615K, n = 17); 75 ± 2% (WT, n 

= 17), amantadine: 18 ± 1% (N615K, n = 17); 44 ± 3% (WT, n = 17)). Intriguingly, block by 

ketamine was unaffected by the mutation, whereas we observed a significant increase in the 

block produced by dextromethorphan (56 ± 3% (N615K, n = 9); 44 ± 2% (WT, n = 8)). We next 

used whole-cell patch-clamp recordings to evaluate NMDAR-mediated currents in mouse 

primary cortical pyramidal neurons that were transfected with either GluN2A
WT

 or GluN2A
N651K

 

subunits. We observed a significant decrease in Mg
2+

 (1mM) sensitivity (50 ± 5% (N615K, n = 

10); 93 ± 2% (WT, n = 9)) and a significant decrease in current density (36 ± 6% (N615K, n = 

10); 61 ± 2% (WT, n = 9)). In summary, the disease associated mutation GluN2A
N615K

 has 

substantial effects on NMDA receptor inhibition by both endogenous and exogenous channel 

blockers. Acknowledgements: This work was funded by The Wellcome Trust via an Edinburgh 

Clinical Academic Training PhD Fellowship. 
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Abstract: NMDA receptors (NMDARs) are a class of ionotropic glutamate receptor that are 

essential for neuronal development, synaptic plasticity, learning, memory formation, and cell 

survival. NMDARs are typically composed of GluN1 and GluN2 subunits. There are 8 GluN1 

splice variants arising from a single gene and 4 GluN2 subunits (GluN2A-GluN2D) expressed 

from 4 separate genes. NMDAR subtypes are defined by the identities of the subunits present in 

the receptor (e.g. the GluN1/2A NMDAR subtype contains two GluN1 and two GluN2A 

subunits). NMDARs play critical roles in normal neuronal physiology, and NMDAR 

dysregulation is implicated in many neurological disorders including Alzheimerôs disease, 

schizophrenia, depression, and neuropathic pain. Inhibition of NMDARs with open channel 

blockers, such as memantine, which is approved for treatment of Alzheimerôs disease, has broad 

potential for treatment of neurological disorders. Another NMDAR open channel blocker, 

ketamine, has shown promise as a rapidly-acting antidepressant and as a treatment for 

neuropathic pain. Although memantine and ketamine share similar voltage dependence, kinetics 

and IC50s at NMDARs, their clinical effects vary significantly, suggesting that their mechanisms 

of NMDAR inhibition may differ in ways that are not yet well understood. There has been recent 

debate over the efficacy of inhibition by memantine and ketamine when NMDARs are activated 

by synaptic glutamate release as opposed to when NMDARs are activated under steady-state 

conditions (e.g., Xia et al., 2010; Emnett et al., 2013). Further, whether memantine and ketamine 



exhibit similar voltage dependence during synaptic activation and during steady-state activation 

is unknown. Therefore, we compared inhibition of heterologously expressed GluN1/2A and 

GluN1/2B receptors activated by synaptic-like glutamate applications (2-4 ms) and by long (>10 

s) glutamate applications at 3 membrane voltages (Vms): -65, -45, and -25 mV. We focused on 

NMDARs containing GluN2A and GluN2B subunits because they are the GluN2 subunits most 

commonly expressed at synapses. We have previously shown at a holding Vm of -65 mV that 

memantine and ketamine display NMDAR subtype-dependent inhibition during synaptic-like 

glutamate activations. At holding Vms of -45 and -25 mV we found for both memantine and for 

ketamine that inhibition did not depend on NMDAR subtype, or on whether responses were 

activated by synaptic-like or by long glutamate applications. Thus, voltage dependence of 

NMDAR inhibition by memantine and by ketamine depends both on duration of glutamate 

application and on NMDAR subtype. 
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Abstract: Traditionally, ion-channels achieve signaling through transmembrane passage of ions. 

Whether ion-channels can transmit transmembrane conformational information in the absence of 

ion passage is not well established. Here we use Förster resonance energy transfer (FRET) 

imaging of fluorescently tagged proteins expressed in neurons to monitor conformational 

changes within the NMDA receptor (R) complex. We show that extracellular ligand binding to 

the NMDAR drives a rapid ion-flow independent conformational change in its cytoplasmic 

domain (cd). In conditions that produce LTD, a form of synaptic plasticity, ligand binding to the 

NMDAR is sufficient to drive a transient FRET reduction between NMDARcd and phosphatase 



1 (PP1) as well as a long-lasting FRET reduction between NMDARcd and calcium/calmodulin-

dependent protein kinase II (CaMKII) that depends on PP1 activity. These results demonstrate a 

novel signaling mechanism for ion channels and suggest that ligand binding to the NMDAR 

drives NMDARcd-complexed PP1 to dephosphorylate and redirect NMDARcd-bound CaMKII 

during LTD. 
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Abstract:  The mammalian brain consists of an extraordinary number of cell types. A deeper 

understanding of circuits, networks and behavior requires that we identify and study specific 

neuronal cell types. Comprehensive classification of these cell types is impeded partly by their 

molecular complexity and by the inability to identify each cell type by multiple molecular 

markers. Here we describe an approach to resolve these issues, which allowed us to define 

different cell types and to refine their molecular characterization by using target-selective 

conotoxins. We studied a heterogeneous population of cells obtained from a network in mouse 

brainstem that generates breathing rhythm. To classify cell types in this region, we used an 

approach that we call constellation pharmacology. The ventral respiratory columns from mice 

were isolated and dissociated to obtain a heterogeneous cell population. Using calcium imaging, 

we then monitored the simultaneous responses of ~200 cells to a panel of pharmacological 

challenges. The responses to such pharmacological perturbations enabled us to categorize these 

cells into three major cell classes and subclasses based on the constellations of ion channels and 



receptors expressed by each cell. We found that a subset of these cells that responded to 

substance P, putatively inspiratory pre-Bötzinger complex (preBötC) neurons, also responded to 

histamine and bradykinin. We further examined the existence of these cell classes in an intact 

slice through electrophysiological studies and confirmed that the preBötC neurons responsive to 

substance P in an intact slice exhibited similar responsiveness to bradykinin and histamine. Thus, 

this approach provided a platform to classify cell types with crucial physiological roles in 

behavior and to generate hypotheses to test the roles of modulatory inputs to these defined cell 

classes in an intact system. To further refine the definition of these cell classes, we used target-

selective conotoxins that differentiated between complex molecular isoforms. For example, 

NMDA receptors that are found in various combinations of subunits are difficult to study due to 

the lack of target selective tools. Using conantokin-Rl-B, a conotoxin that selectively targets 

NR2B subunits of NMDA receptors, we demonstrate its expression only in a specific subset of 

the defined cell types. Thus, using constellation pharmacology as our approach, we defined 

various cell types within the ventral respiratory column of the mouse brainstem and studied the 

expression of complex NMDAR isoforms within these cell types using target selective 

conotoxins. 
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Abstract: The function of PSD-95 has been viewed primarily as restricting NMDA or AMPA 

receptors to synapses. We report that the splice variants of the NR1 subunit impart unique 

trafficking and targeting properties on both individual subunits, and assembled full-length 

NMDA receptors, in the context of PSD-95. NR2B/NR1-3/4 receptors in the presence of PSD-95 



are targeted to the trans-Golgi network (TGN) and directly to synapses, reconstituting the effect 

of AP5 on NMDA receptor targeting. NR2B/NR1-1/2 receptors are clustered on the cell surface 

in the presence of PSD-95 and found in recycling endosomes at lower expression levels. PSD-95 

PDZ-binding to NR1-3 or NR1-4 triggers a differential interaction between PSD-95 and NR1 

that blocks clustering and imparts TGN and synaptic targeting. On the other hand, PSD-95 

binding to the NR2B PDZ-binding domain and sequences upstream causes well-characterized 

clustering, and recycling endosomal localization. These results, along with prior work related to 

SAP97, another PSD-95 family MAGUK, suggest these proteins may generally operate as 

trafficking switches, employing ligand-specific architectures to mediate differential sorting and 

targeting of their respective binding partners.  
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Abstract: Neural activity causes a surface membrane alkalosis due to activation of the plasma 

membrane calcium ATPase (PMCA), a transporter that extrudes calcium in exchange for two 

protons from the extracellular space. We previously showed that increasing effective buffering 

with exogenous carbonic anhydrase (XCAR, which reduces the surface alkaline shift) can 

significantly diminish the NMDAR-EPSC of a singly-activated, hippocampal, CA1 pyramidal 

neuron (PN). This suggested that an alkalosis is normally responsible for a large fraction of 

NMDAR current, and that this surface pH shift originates locally, from the recorded cell. The 

pH-dependent modulation of the NMDAR would accordingly be regarded as an autocrine effect. 

Indeed, splice variants of PMCA2 have been localized to dendritic spines and associated with 



post-synaptic density proteins (1,2), placing them in close proximity to post-synaptic NMDARs. 

Here, we have further tested this autocrine hypothesis. Whole cell recordings of pure NMDAR 

EPSCs (VH = +50 mV) were obtained from CA1 PNs in juvenile mouse hippocampal slices. To 

assess locality of the modulation, we reduced stimulus intensity to generate responses of just 30 - 

55 pA. The addition of XCAR reduced these EPSCs by 25 +/- 3.2 % (n = 9, p < 0.001), which 

was no different from its effect on larger EPSCs of ranging 166 - 386 pA (p = 0.6). AMPAR 

EPSCs of similar small size (32 - 49 pA) were unaffected by XCAR (VH = -70 mV). To directly 

test the autocrine nature of the modulation, we blocked activation of the PMCA in the recorded 

cell. When patch pipettes contained 20 mM BAPTA, after 12 min. of dialysis the NMDAR 

EPSCs were reduced by 23 +/- 4.2 % (n=7, p < 0.001) compared to responses at breakthrough. 

Moreover, after reduction of the EPSCs by BAPTA, external XCAR had no effect on EPSC 

amplitude. Similarly, when pipettes contained the PMCA inhibitor carboxyeosin (1 ɛM), EPSCs 

were reduced by 19 +/- 4 % after 12 min. of dialysis (n = 7, p < 0.01), and the effect of XCAR 

again was occluded. These data link the effects of XCAR to activation of the PMCA, and 

indicate that the alkaline boost of NMDAR currents is an autocrine effect that likely occurs at the 

level of single boutons. (1) Burette, A.C., Strehler, E.E. & Weinberg, R.J. Neurosci. 169, 987-

993 (2010), (2) DeMarco, S.J. & Strehler, E.E. J. Biol. Chem. 276, 21594-21600 (2001).  
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Abstract: Conantokin-G (ConG) is a GluN2B-specific potent N-methyl-D-aspartate receptor 

(NMDAR) antagonist, which displays neuroprotective activity on neurons that have 



extrasynaptically activated NMDAR. The neuroprotective effect of ConG was tested in an in 

vivo rat model of Middle Carotid Artery Occlusion (MCAO) with 2 µM ConG administered 

intrathecally 30 min post occlusion. The animals were evaluated at 4 hr and 26 hr after injury 

induction. A 30% reduction in edema volume and a 50% reduction in infarct size were observed 

at 4 hr post-MCAO. Though, reduction in edema and infarct size was not observed at 26 hr post-

MCAO, neurological recovery was significant at this time point. ConG treated rats showed 

significant recovery of the brain cytoarchitecture and neuronal integrity in the penumbra region 

as demonstrated by hematoxylin & eosin staining and Microtubule Assisted Protein-2 

immunostaining. This was accompanied by decreased number of degenerated neurons by con-G 

at both 4 and 26 hr in the ipsilateral penumbra. MCAO-induced loss of GluN1 and GluN2B 

localization around the soma and proximal dendrites was reinstituted by ConG administration at 

4 and 26 hr, but ConG had no effect on restoring MCAO-induced loss of GluN2A localization, 

which showed increased perinuclear presence in the brains of ConG treated rats. These data 

provide evidence that ConG ameliorates the detrimental effects of ischemic stroke via the 

NMDARs by repairing certain neurological and neuroarchitectural deficits, as well as 

reconstituting neuronal localization of GluN1 and GluN2B subunits in the penumbra. 
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Title: Activity-induced synaptic delivery of GluN2A-containing NMDA receptors is mediated 

by endoplasmic reticulum chaperone Bip and participates in fear memory 
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Abstract: The N-methyl-D-aspartate receptor (NMDAR) is mainly composed of GluN1 and 

GluN2A or GluN2B subunits in hippocampus and cortex. Since the GluN2A- and GluN2B-

containing NMDARs possess distinct functional properties, their relative amount and dynamic 

regulation on these synapses play a major role in controlling Ca2+-dependent signaling and 

synaptic plasticity. Previous studies have suggested that neurons occupy multiple trafficking 

pathways and intracellular reserve pools for synaptic receptor transport. So far, accumulative 

evidence reveals that KIF17 selectively mediates GluN2B transport along microtubules and 

tyrosine phosphorylation regulates surface level of GluN2B-containg NMDARs, although its 

relevance to physiology has not been established. However, the mechanism of rapid increase of 

synaptic GluN2A-containing NMDARs remains unknown, and as well does its implication in 

learning and memory. We found in this study that newly-inserted synaptic GluN2A-containing 

NMDARs in response to neuronal activity were directly assembled and delivered from dendritic 

ER. We identified a well-studied ER chaperone protein Bip to retain GluN2A subunits in 

dendritic ER through the selective interaction between them and mediate the activity-induced 

synaptic delivery of the GluN2A-containing NMDAR. And interestingly, this regulatory process 

was effectively abolished by interrupting the interaction between Bip and GluN2A. Furthermore, 

in vivo application (i.p.) of the interfering peptide before training effectively disrupted the fear 

memory formation in mice. These findings uncover a new mechanism for activity-induced 

supply of synaptic GluN2A-containing NMDARs that are initially from a reserve pool of 

GluN2A subunit in a Bip-bond form in dendritic ER, and demonstrate a relevance of this process 

to memory formation. 
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Abstract: Ketamine is of interest in neuropsychiatry as a rapidly acting antidepressant. Although 

NMDAR antagonism is likely relevant for triggering antidepressant effects of ketamine, other 

cellular and biochemical targets could also be important. Ketamine is rapidly metabolized into 

norketamine, which has a longer half-life (~12 h vs ~3 h) and biological activity possibly similar 

to ketamine. Here we offer new chemical biological tools that may help identify novel targets of 

ketamine and norketamine. We first explored actions of (R,S)ketamine and (R,S)norketamine in 

the forced swim test (FST). Ketamine significantly reduced immobility in C57BL/6J mice at 3 

(p=0.021) and 10 mg/kg (p=0.002), during the FST after a 3 h post-injection delay. These doses 

did not affect locomotor activity. Norketamine also reduced immobility at 3 (p=0.039) and 10 

mg/kg (p=0.003) using the same test parameters. Thus, norketamine had a similar behavioral 

effect as ketamine in this antidepressant screen. We examined NMDAR actions of ketamine, 

norketamine and first-generation chemical biology analogs in hippocampal cultures. We found 

that norketamine was active but ~4-fold less potent than ketamine at native NMDARs. 

Norketamine exhibited slower kinetics of block and more steady-state voltage dependence. At 10 

ɛM, both compounds suppressed the peak of NMDAR EPSCs by ~20%, but ketamine more 

strongly accelerated EPSC decay time constants. These results confirm the potential relevance of 

norketamine and suggest that analogs of ketamine/norketamine would be useful. To that end, we 

exploited the versatility of bio-orthogonal click chemistry to develop bi-functional analogues of 

ketamine/norketamine to probe intracellular targets. We introduced an alkyne ñclickò handle into 

the ketamine/norketamine structure (alkyne-norketamine) at the key nitrogen atom via alkylation 

with 5-iodo-1-pentyne. Alkyne-norketamine exhibited potency equivalent to norketamine and 

voltage dependence similar to ketamine, thereby yielding an NMDAR-active, bi-functional 

probe. Introducing the alkyne with an amide linkage abolished NMDAR antagonism, 

presumably by interacting with nitrogen protonation. Imaging neurons following incubation in 

10 ɛM alkyne-norketamine revealed intracellular labeling following Cu2+ catalyzed 

cycloaddition of azide-AlexaFluor488, demonstrating the utility of the probe for cell biological 

studies and revealing the potential for relevant intracellular targets. Thus, we advance first-

generation chemical biology tools to aid identification and characterization of cellular and 

molecular targets of ketamine/norketamine relevant to antidepressant effects. 

Disclosures:  C.M. Emnett: None. H. Li:  None. A. Benz: None. X. Jiang: None. J. Boggiano: 
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Abstract: Calcium/calmodulin dependent protein kinase 2 (CaMKII) is a multifunctional protein 

that is highly enriched in the synapse. It plays important roles in neuronal functions such as 

synaptic plasticity, synaptogenesis and neural development. Gene duplication in zebrafish has 

resulted in the occurrence of seven CaMKII genes (camk2a, camk2b1, camk2b2, camk2d1, 

camk2d2, camk2g1 and camk2g2) that are expressed in a developmentally regulated manner. In 

this study, we used single cell, real-time quantitative PCR to investigate the expression of 

CaMKII genes in individual Mauthner cells (M-cells) of 2 days post fertilization (dpf) zebrafish 

embryos. We found that out of seven different CaMKII genes, only CaMKII-Ŭ was expressed in 

the M-cells at detectable levels, while all other isoforms were undetectable. To investigate a 

developmental role for CaMKII-Ŭ, we used two separate antisense morpholino oligonucleotides 

to knock down CaMKII-Ŭ expression in embryonic zebrafish; one was targeted to block the 

translation of mRNA and the other was designed to disrupt proper splicing of pre-mRNA. We 

recorded miniature excitatory postsynaptic currents (mEPSCs) mediated by NMDA receptors, 

which exhibited a biexponential decay with a Űfast of ~30 ms and Űslow of ~300 ms. Morpholino 

knockdown of CaMKII-Ŭ resulted in a 40% reduction in the amplitude of the slow component of 

the mEPSCs, with very little effect on either the amplitude of the fast component, the frequency 

or kinetics of the mEPSCs. These results suggest that CaMKII-Ŭ is present in embryonic M-cells 

and that it plays a role in the normal development of excitatory synapses. Our findings pave the 

way for determining the function of specific CaMKII isoforms during the early stages of M-cell 

development. 
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Abstract: Modification of the strength of excitatory synapses has been long thought to be the 

neural basis for learning and memory. Nonetheless, it is now accepted that inhibitory synapses 

can also undergo plasticity and probably contribute to most forms of experience-dependent 

plasticity by altering the balance between excitatory and inhibitory inputs. Therefore, 

understanding the crosstalk between these inputs is essential. We and others have shown that 

activation of extrasynaptic NMDA receptors in cerebellar GABAergic interneurons leads to both 

short and long term changes in the strength of GABAergic synapses. Here we determined the 

effects of NMDAR subunit specific inhibitors on somatic and dendritic NMDA receptors in 

stellate cells. Previous data from our lab using GluN2D KO mice indicated the presence of 

GluN2B and Glun2D subunits in cerebellar stellate cells. First we applied 0.1 µM PPDA and 0.2 

µM CPP to outside-out patches excised from the soma of cerebellar Purkinje and Golgi neurons 

that express di-heteromeric GluN2D and tri-heteromeric GluN2B/2D NMDA receptors, 

respectively. Our results showed that PPDA inhibited GluN2D-containing NMDA receptors, 

whereas CPP selectively blocked tri-heteromeric GluN2B/2D NMDA receptors. Using these 

antagonists as well as the GluN2B antagonist Ifenprodil (3 µM), we then characterized NMDA 

receptors located in the soma of stellate cells. We found that PPDA and Ifenprodil inhibited 

NMDA-evoked currents in outside-out patches excised from the soma of stellate cells, whereas 

0.2 µM CPP had no effect. Our data suggests that stellate cells express both GluN2B and 

GluN2D di-heteromeric NMDA receptors in the soma. Finally, we activated dendritic NMDARs 

by repetitive stimulation of parallel fibers and recorded dendritic currents recorded at +40 mV in 

the presence of the AMPA receptor antagonist NBQX. We found that PPDA and Ifenprodil 



reduced dendritic currents by ~40% and in contrast CPP only blocked less than 20% of the 

NMDAR currents. Thus di-heteromeric GluN2B and GluN2D NMDA receptors, but not tri-

heteromeric GluN2B/2D NMDA receptors, are located in the soma and the dendrites of stellate 

cells. Because a low concentration of CPP blocked an NMDAR-dependent increase in GABA 

release, the tri-heteromeric GluN2B/2D receptors appear to be mostly restricted to the axons of 

these cells. This differential subcellular distribution of NMDA receptors with distinct 

pharmacological and electrophysiological properties may function to finely tune the crosstalk 

between excitation and inhibition in the molecular layer of the cerebellar cortex. 

Disclosures:  C. Dubois: None. L. Sun: None. M. Mishina:  None. S.J. Liu: None. 
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Abstract: NMDA-type glutamate receptors (NMDARs) guide the activity-dependent remodeling 

of excitatory synapses and associated dendritic spines during critical periods of postnatal brain 

development. Whereas mature NMDARs composed of GluN1 and GluN2 subunits mediate 

synapse plasticity and promote spine growth and stabilization, juvenile NMDARs containing 



GluN3A subunits are thought to inhibit these processes via yet unknown mechanisms. One key 

factor controlling the synaptic concentration of NMDARs is their ability to swap in and out of 

synapses via lateral diffusion. This ability depends on the type of GluN2 subunits comprising the 

receptor complex; whereas GluN2A subunits confer stability to NMDARs, GluN2B-containing 

subtypes are more mobile. Because GluN2A levels progressively increase during postnatal brain 

development, it has been hypothesized that the replacement of GluN2B by GluN2A subunits 

underlies the stabilization of NMDARs at synapses and the associated consolidation of neural 

networks. Information regarding the mobility of GluN3A-containing subtypes has been 

conspicuously lacking, despite biochemical and EM evidence suggesting that overexpression or 

down-regulation of GluN3A might modify receptor localization and stability. By taking 

advantage of high resolution live cell imaging, native GluN2 were followed using a single-

molecule tracking based on the detection of quantum dots (QDs) in cultured hippocampal 

neurons. Here we report that variations in GluN3A expression differentially modulate the surface 

dynamics of NMDARs depending on the type of GluN2 subunit, and thereby drive 

developmental changes in the synaptic enrichment of GluN2-NMDARs. 

Disclosures:  I.M. González-González: None. J.A. Gray: None. R.A. Nicoll: None. L. Groc:  

None. I. Perez-Otano: None. 
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Abstract: High level of homocysteine (HCY) in blood or in cerebrospinal fluid, often 

originating from distorted methionine metabolism, is a significant risk factor for the heart attack, 

stroke and neurodegenerative disorders. In central and peripheral nervous systems HCY acts as 

an agonist of NMDA receptors (NMDARs) and metabotropic (mGluR5) glutamate receptors. 

Previously we showed that the neurotoxic effect of HCY in rat cotrical and trigeminal sensory 

neurons is determined by intracellular Ca2+ oscillations (doi:10.1111/jnc.12615). Pro-apoptotic 

action of HCY in neurons results from cumulative effect of Ca2+ entry via NMDA receptors and 

mGluR5 provoked secondary release of Ca2+ from intracellular stores. Here, using whole cell 

patch-clamp recording from rat cortical neurons in primary culture we studied the agonist 

properties of HCY in comparison with NMDA. A fraction of neurons responding to 30 ɛM 

NMDA, generated inward currents also to HCY (100 ɛM) application. In neurons exhibiting 

comparable peak currents to both NMDA and HCY, the amplitude of late HCY-induced steady-

state current was 2-folds magnitude lower than for NMDA. The EC50 value for HCY measured 

at the steady state currents was as low as 14.4 ± 1.3 ɛM. In the nominal absence of extracellular 

Ca2+ NMDA-induced currents did not reveal the receptor desensitization. In contrast, HCY-

induced currents demonstrated the same degree of desensitization independently on the presence 

of extracellular Ca2+. Both Mg2+, as a noncompetitive, and AP5 as the competitive NMDARs 

antagonist, inhibited HCY induced currents. Interestingly, HCY-induced currents were 

insensitive to ifenprodil, the selective inhibitor of GluN2B subunit of NMDARs. NMDA-

induced currents of neurons that did not respond to HCY were almost completely blocked by 

ifenprodil. Taking together these observations allow us to suggest, that HCY does not act on 

GluN2B subunits. Based on known predominant expression of GluN2A and GluN2B subunits in 

cortical neurons, we hypothesize that HCY selectively interacts with the binding site of the 

GluN2A subunit containing NMDARs. Thus, HCY acts as an effective agonist of NMDARs, 

causing Ca2+ independent rapid desensitization with the low amplitude of the steady-state 

currents. HCY can strongly interfere with the NMDARs-mediated synaptic transmission in 

concentrations comparable with those which occur in vivo during hyperhomocysteinemia. 
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Abstract: The NMDA receptor (NMDAr) coagonist binding site partial agonist D-cycloserine 

(DCS) has been implicated as a potential therapeutic target in a number of CNS diseases. In 

particular the anticonvulsant effects of DCS have been identified but are yet to be fully explored 

and may point to novel approaches for the treatment of epilepsy. We have examined the effects 

of DCS, applied cumulatively from 1 to 30 µM, on evoked NMDA receptor responses 

(eNMDAr), recorded under voltage clamp in neurones of the entorhinal cortex in rat brain slices. 

Interestingly, DCS had no observable effect on the amplitude of these responses (e.g. at 30 µM, 

mean amplitude was 187.6±54.1pA compared to 174.7±34.2 pA in control) but significantly 

decreased their decay time (Emax=65.8±5.0% control, IC50 = 2.1µM, n=6). When a saturating 

concentration of D-serine (1mM) was applied following DCS (10µM) the amplitude of eNMDAr 

increased to 122.1±4.9% control (n=7). As D-serine is a full agonist, this indicated that the 

endogenous level of binding was 81.9±3.2% of maximum. This value is very similar to the 

reported efficacy of DCS at NR2A/NR2B containing receptors. This indicates that the lack of 

effect of DCS on eNMDAr amplitude is due to a match between this efficacy and the 

endogenous level of activation. The low efficacy partial agonist, 1-Aminocyclobutane-1-

carboxylic acid, was seen to decrease eNMDAr amplitude and decay time, supporting this 

conclusion. It is plausible that the kinetic effect underlies the anticonvulsant properties of DCS. 

We show this computationally using a Pinksy-Rinzel network model, demonstrating that a 35% 

reduction in NMDAR decay time results in large reductions in predicted durations of bursting 

activity. The allosteric properties of NMDAr coagonist binding site partial agonists have been 

extensively described though it is remarkable that in an endogenous situation the kinetic effects 

of DCS occur selectively at synaptic NMDA receptors. These allosteric effects may therefore 

underlie the anticonvulsant effect of DCS by reducing the ability of neuronal networks to sustain 

rhythmic activity. 
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Abstract: We showed previously that chronic treatment with distinct classes of N-methyl-D-

aspartate receptor (NMDAR) antagonists exerted differential effects on seizure-like events (SLE) 

in organotypic hippocampal slice cultures. SLE involving dentate granule cells were dramatically 

reduced following chronic treatment (17-21 days) with the GluN2B-selective antagonist, 

Ro25,6981, but were increased in cultures treated with the non-subtype-selective antagonists, 

memantine or D-APV. Since GABAergic transmission plays a critical role in the regulation of 

hippocampal activity, we hypothesized that chronic Ro25,6981 would promote expansion of 

interneuron axonal fields as well as the number of GABAergic synapses onto dentate granule 

cells, while memantine or D-APV would elicit opposite effects. To investigate potential changes 

in morphology, interneurons at the dentate/hilar border were filled with neurobiotin and digitally 

reconstructed. Treatment with Ro25,698, but not the other NMDAR antagonists dramatically 

reduced total axonal length and sphere of axonal arborization. Axonal branch points and putative 

boutons mirrored these results, but branch point and bouton density were unchanged. Dendritic 

length and sphere of dendritic arborization also were reduced following chronic Ro25,6981, but 

this reduction was not specific to GluN2B inhibition as other NMDAR antagonists caused 

similar reductions. Double immunofluorescence for GAD 65/67 (GABA synthetic enzymes) and 

NeuN (for somata) or MAP2 (for dendrites) was then performed to quantify neuron number and 

numbers of putative GABAergic synaptic boutons apposed to granule cell somata and dendrites, 

respectively. Quantification showed that the number of neurons and putative GABAergic 

synapses onto granule cells were lower following D-APV or memantine treatment compared to 

vehicle. Similar decreases have been described in epilepsy models and may contribute to the 

increased SLE expression in slice cultures following chronic treatment with D-APV and 

memantine. In contrast, we found equivalent numbers of putative GABAergic synapses onto 

granule cells in vehicle- and Ro25,6981-treated cultures, despite reduced axonal fields in 

individual interneurons and no change in the number of GABAergic neurons. These changes 

together with electrophysiological results suggest that one possible mechanism for reduced SLE 

following chronic Ro25,6981 is that individual interneurons may have a reduced ability to 

synchronize activity across widespread populations of neurons. 
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Abstract: N-methyl-D-aspartate receptors (NMDAR) are important modulators of prefrontal 

activity during working memory processing. Furthermore, they concur in mediating glutamate-

dependent neural plasticity and are involved in neurodevelopmental processes. For example, 

among the subunits composing NMDAR, GluN2B are more abundant during 

neurodevelopmental stages than they are in adults - in which GluN2A is prevalent. Here, we 

tested the combined effect of genetic variants in the GluN2B gene (GRIN2B) on GRIN2B 

prefrontal mRNA expression. Once this effect was detected, we also investigated how these 

genetic variants together affect prefrontal activity during working memory in healthy human 

subjects. SNPs were identified using Braincloud (http://braincloud.jhmi.edu/). We found five 

SNPs significantly associated with GRIN2B expression: rs2160517, rs219931, rs11055792, 

rs17833967, rs12814951 (all p < .05, corrected with Benjamini-Hochberg FDR). Thus, based on 

signal detection theory, we computed a composite genetic score to account for the combined 

effect of these SNPs on expression. Machine learning indicated that this score was negatively 

correlated with gene expression (N = 148, R^2 = .17, p < 10^-6). Then, we genotyped the SNPs 

of interest in 134 healthy individuals (56 females; mean age ± SD was 28 ± 7 years (range 19-53) 

and determined the associated genetic score. Functional magnetic resonance images were also 

acquired while these participants performed a working memory task (n-back). We estimated the 

association of genetic score with dorsolateral prefrontal cortex activation using linear regression 

models, controlling for age, gender, IQ, socioeconomic status, and handedness. With this aim, 



we performed an ROI analysis including bilateral Brodmann Areas 8, 9, and 46. We found a 

significant cluster of 157 voxels in the left superior frontal gyrus (Brodmann Area 8; z = 3.9; p < 

.05, peak-level family-wise error correction; coordinates in MNI space: x = -32; y = 20; z = 58). 

In particular, results suggested that activation was negatively correlated with GRIN2B genetic 

score. Adding behavioral performances as nuisance variables in the statistical analysis did not 

modify the results. This study suggests that genetic variants in GRIN2B have additive effects on 

gene expression. The combined effect of these genetic variants is also associated with more 

distal and complex phenotypes related to prefrontal function and cognitive processing. These 

findings may help to shed light on the biological basis of brain disorders with a complex genetic 

background. 
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Abstract: NMDA receptors are ionotropic glutamate receptors that mediate excitatory synaptic 

transmission and are involved in many neurological disorders. These tetrameric receptors are 



composed of two GluN1 and two GluN2 subunits (GluN2A-2D), and the GluN2 subunits exhibit 

distinct developmental and regional expression patterns in the brain. Therefore, subunit-selective 

pharmacological modulation of NMDA receptors is a promising strategy for studying NMDA 

receptor function in specific neuronal circuits and for developing therapies for neurological 

disorders. We have discovered a novel class of GluN2C/D-selective antagonists (class 1063) that 

are >500-fold selective for GluN2C/D-containing receptors over GluN2A/B-containing 

receptors. The 1063 compounds had low micromolar potencies at GluN2C- and GluN2D-

containing receptors, when tested on recombinant NMDA receptors in Xenopus oocytes. 

Furthermore, inhibition of GluN2C/D-containing receptors by 1063 is voltage-independent and 

could not be surmounted by increasing concentrations of agonists; this is consistent with a 

noncompetitive mechanism of action. Using GluN2A/D chimeric receptors, we identified a 

critical region for 1063 inhibition near the first transmembrane domain of the GluN2 subunit. 

Mutation of a single residue (C590) that is not conserved between GluN2C/D and GluN2A/B 

blocks inhibition, suggesting this region may be a molecular determinant of action. In addition, 

1063 compounds inhibited triheteromeric receptors containing GluN1/GluN2A/GluN2C 

subunits, which may enhance their utility for studying neural circuits. Importantly, the 1063 

series of NMDA receptor antagonists inhibited GluN2C/D-containing NMDA receptors in 

transiently transfected cultured rat neurons. These data suggest that this new class of GluN2C/D-

selective antagonists may be a valuable tool for studying NMDA receptor function, and could be 

further developed for potential use in treating neurological disease. This research was supported 

by funding from NIH-NINDS [NS065371 (SFT), NS086368 (SAS), NS071802 (TMA), T32-

NS007480 (KMV)]. 
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Abstract: N-methyl-D-aspartate receptors (NMDARs) are essential for learning and memory 

and are important in neuropsychiatric disorders including Alzheimerôs disease and 

schizophrenia. NMDAR gating can be manipulated by allosteric modulators, resulting in the 

alteration of channel opening probability (Po). Recently, we reported on a novel endogenous 

oxysterol NMDAR positive allosteric modulator, 24(S)-hydroxycholesterol (24(S)-HC), and we 

showed that synthetic oxysterol analogs potentiate NMDARs with high specificity and potency. 

Oxysterol potentiation increases agonist efficacy and channel Po. Here we explored biophysical 

mechanisms of potentiation by analyzing the activity of individual GluN1a/GluN2A channels in 

transfected HEK293 cells. At saturating agonist concentration (300 µM NMDA), single channels 

in cell-attached patch recordings exhibited three clearly resolved closed states and two open 

states, consistent with observations from previous studies. Application of the oxysterol analog 

SGE-301 (2 µM) decreased the mean duration of long channel closures and increased the mean 

duration of both short and long channel openings. There was no change in the relative 

contributions of various closed-time and open-time components. We observed minimal modal 

channel behavior, examined by time-binned Po analysis. We interpreted oxysterol-induced 

changes by applying several five-state kinetic models from previous work to our data. Fits to a 

linear gating scheme produced a paradoxical slowing of the rate of forward transition between 

the two open states and slowing of several backward rate constants. Together, these changes 

produced the expected potentiation of simulated macroscopic steady-state currents. Two five-

state branched gating models were indistinguishable from the linear model by log likelihood 

values. Like the linear model, both predicted distributed changes to multiple rate constants. The 

linear model better mimicked synaptic-like pulses of agonist and modulation by SGE-301 than 

the branched models. Taken together, we show that oxysterols have distributed effects on several 

aspects of channel behavior. Our results elucidate the mechanism by which oxysterols augment 

NMDAR function and contribute to novel therapeutic interventions. 
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mood and memory performance in mice subjected to chronic unpredictable stress 
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Abstract: Repeated stress elicits neurochemical and neuroanatomical changes that negatively 

impact on brain functioning and constitute a trigger or risk factor for psychiatric disorders such 

as depression and neurodegenerative disorders involving cognitive impairment in both humans 

and animal models. Since caffeine consumption (adenosine receptor antagonist) correlates 

inversely with depression and adenosine A2A receptor (A2AR) antagonists normalize aberrant 

plasticity and afford neuroprotection, we tested the role of A2AR in the control of the 

behavioural, electrophysiological and neurochemical modifications caused by chronic 

unpredictable stress (CUS, composed by uncontrollable daily stressors such as tilted cage, 

food/water deprivation, foot shock, paired caging, continuous light, wet bedding) for 3 weeks in 

adult mice. CUS led to an up-regulation of A2AR selectively in glutamatergic terminals in the 

hippocampus, increased the morning plasma levels of corticosterone, induced anxiogenic (open 

field, elevated plus maze) and depressive-like behaviour (forced swimming, tail suspension, 

sucrose preference) and decreased memory performance (object displacement, object 

recognition, modified Y maze, Morris water maze). These behavioural changes were 

accompanied by a decrease of synaptic plasticity (long term potentiation) and a reduced density 

of synaptic proteins (SNAP-25, syntaxin and vesicular glutamate transporters type 1, vGluT1) in 

the hippocampus without overt neuronal damage (Cresyl violet and FluoroJade C) or 

microgliosis (CD11b immunoreactivity). All these CUS-induced changes were prevented by 

each of the following treatments: 1) caffeine (1 g/L, p.o., starting 3 weeks before and throughout 

CUS); 2) KW6002 (3 mg/kg, p.o.; selective A2AR antagonist, starting 4 days before and 

throughout CUS); 3) global genetic deletion of A2AR; 4) selective A2AR deletion in forebrain 

neurons. Notably, A2AR blockade was not only prophylactic but also therapeutically relevant 

since, after the end of the CUS protocol, a 3-weeks treatment with the A2AR antagonist 

SCH58261 (0.1 mg/kg, i.p.) reversed the mood and memory impairments as well as the synaptic 

dysfunction caused by CUS. These results herald a key role of neuronal A2AR in the control of 

chronic stress-induced modifications and prompt the hypothesis that A2AR may be an attractive 

and effective target for the development of novel corrective strategies for brain disorders that 

involve a synaptic dysfunction, as now observed for the maladaptive responses to chronic stress. 
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Abstract: Anxiety is one of the most prevalent comorbidities associated with acute lung injury 

(ALI) and acute respiratory distress syndrome (ARDS). Activation of the innate immune system 

is a known inducer of anxiety-like behaviors. Adult male BALB/cJ mice were exposed to 6% 

oxygen for 2 hours (hypoxia). We found that hypoxia increased circulating adenosine 

concentration by more than two-fold. Moreover, we see that hypoxia induced a four-fold 

increase in staining for active caspase-1 in the amygdala when compared to normoxic controls in 

wild type but not A2A adenosine receptor (AR) KO. Finally, hypoxia increased anxiety-like 

behaviors in wild-type mice by 45% in the open field test and 86% in the elevated zero-maze, 

while A2A AR KO mice were resistant to hypoxia-induced anxiety-like behaviors. Our results 

indicate that hypoxia induces anxiety-like behaviors, at least in part, by increasing adenosine 

signaling via A2A AR to increase caspase-1 activity. 

Disclosures:  G.S. Chiu: None. J.K. Bray:  None. J.P. Walsh: None. M.J. McCarthy:  

None. G.G. Freund: None. 

 

Poster 

502. Purine and Other G-Protein Coupled Receptors 

Location: Halls A-C 

Time: Tuesday, November 18, 2014, 8:00 AM - 12:00 PM 

Program#/Poster#: 502.03/D11 

Topic: B.03. G-Protein Linked Receptors 



Support: NIH grant NS041083-11 

 NIH grant NS073947 

Title: Intracellular control of A2A receptor signaling and behavior as revealed by optoA2AR 

approach 

Authors: X. HOU
1,2

, M. P. SURPRIS
1
, P. LI

1
, J. ZHENG

2
, *J.-F. CHEN

1
 

1
Neurol., Boston Univ. Sch. Med., BOSTON, MA; 

2
Neurol., Xinqiao Hospital/3rd Med. Univ., 

Chongqing, China 

Abstract: Adenosine A2A receptors (A2ARs) in the nucleus accumbens (Acb) play an important 

role in control of motor, sleep and addiction. A2AR can exert its biological responses through G-

protein-dependent as well as G-protein independent signaling pathways. Recently, at least six G-

protein accessory proteins have been identified to bind to the C-terminus of A2ARs to affect 

A2AR signaling. This raises a possibility that the interaction between the intracellular domain of 

A2AR and G proteins and G-protein accessary proteins can directly affect down-stream cellular 

signaling and function. To specifically define the role of the intracellular domain of the A2AR in 

dictating intracellular signaling and behavior in Acb, we have developed a chimeric rhodopsin-

A2AR (optoA2AR) protein which confers light responsiveness with the extracellular and 

transmembrane domains of rhodopsin and A2AR signaling with the intracellular domains of the 

A2AR. In this study, we selectively expressed the optoA2AR in the striatopallidal neurons by 

injecting the Cre-dependent AAV-optoA2AR-mCherry into the Acb of Adora2a-Cre mice. The 

striatopallidal neuron-specific expression pattern was confirmed by the localization of 

optoA2AR in enkephalin-positive, but not substance P-positive cells in the striatum. Light 

activation of optoA2AR in the striatopallidal neurons triggered MAPK phosphorylation in the 

striatum and suppressed motor activity, but had no effect on recognition memory when light was 

delivered during the training or immediately after the training. These findings illustrate the utility 

of the optoA2AR approach to investigate the intracellular control of A2AR signaling in behaving 

animals, and suggest that the intracellular domain of the A2AR may be important in dictating 

A2AR signaling and behavioral responses. 
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Abstract: Caffeine and adenosine A2A receptors (A2AR) control stress-induced emotional and 

memory alterations that involve information processing in the prelimbic medial prefrontal cortex 

(PLmPFC). A2AR control synaptic plasticity in different brain regions and can form heteromers 

and antagonize dopamine D2-like receptors (D2R). However, the role of A2AR in the PFC is 

essentially unknown and may underlie the ability of caffeine to restore cognitive flexibility in an 

animal model of attention deficit and hyperactivity disorder (ADHD). Thus, we now tested if 

A2AR blockade with its selective antagonist (SCH58261) controlled synaptic transmission and 

plasticity in the PFC and if the effects of A2AR depend on D2R function, a critical modulator of 

PFC function. We recorded population spikes in layer V of slices from male Wistar rats (6 

weeks) upon stimulation of layer II/III and long-term potentiation (LTP) was induced by 1 

priming 100Hz (0.5s duration) train, followed 15 min later by 4 trains of 100Hz (0.5s duration, 

every 10s). SCH58261 (50nM) was devoid of effects on basal synaptic transmission but 

decreased LTP amplitude (23.5±3.8% over basal with SCH58261 versus 40.3±5.3% in control 

slices, n=6, p<0.05). Silencing A2AR selectively in the mPFC (with a lentivirus expressing a 

shRNA downregulating A2AR, shA2AR) triggered an impulsive phenotype, evaluated in a 

delayed reward paradigm (34.5±3.3% of larger reward choices in shA2AR versus 64.0±6.7% in 

control rats, n=8, p<0.01). Since impulsive phenotype has also been linked to loss of D2R 

function and A2AR and D2R can heteromerize, we tested if D2R impacted PLmPFC LTP and 

interacted with A2AR. D2R blockade with supiride (10µM) decreased LTP amplitude 



(26.8±6.7% with sulpiride versus 40.7±6.5% in control, n=6, P<0.05), as did A2AR blockade. 

Furthermore, with the simultaneous blockade of A2AR and D2R, LTP amplitude (20.7±5.1%, 

n=5) was not significantly different from SCH58261 or sulpiride (p>0.05), revealing mutually 

occlusive effects. These results document a novel role of A2AR in the control of adaptive plastic 

changes in the PFC in tight interaction with D2R, with relevance for the control impulsivity in 

conditions such as ADHD in view of the clear impulsive phenotype in rats with silenced A2AR. 
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Title: Caffeine potentiates D-aspartate-mediated GABA release in the developing chick retina 
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Abstract: Aim: We are investigating the effects of caffeine in GABAergic system, analyzing the 

purinergic receptors influence in regulating NMDA receptor (NMDAR) activity in retinal 

explants of chick embryo. Methods and Results: Retinas from 13-day-old chick embryo (Gallus 

gallus domesticus) were used for [3H]-GABA uptake and release, high performance liquid 

chromatography and cAMP assay. All experiments were approved by the Ethics Committee of 

CCS-UFRJ. D-aspartate (500µM) (D-asp) increased GABA-release in 4.5 fold when compared 

to basal levels (B) (B=2.21±0.05, n=6; D-Asp=9.95±0.24, n=6). Caffeine (500µM) (Caf+D-Asp) 



elevated D-asp-induced GABA release in 60% (Caf+D-Asp=16.10±2.29, n=7). The release was 

inhibited in the presence of NNC-711 (NNC), GABA transporter-1 (GAT-1) blocker 

(NNC=2.42±0.33, n=3), and MK-801 (MK), NMDAR antagonist (MK=3.18±0.58, n=3). 

Caffeine did not modify [3H]-GABA uptake in 5, 30 and 60min (5min:Ctrl=96.14±1.73; 

Caf=101.4±11.84; 30min:Ctrl=290.2±58.58; Caf= 247.4±29.65; 60min:Ctrl=312.1±6.76; 

Caf=313.3±36.13; n=2) and did not increase the release of D-asp (Ctrl=9.64±1.45, Caf= 

8.78±1.22) or glutamate at basal (Ctrl=14.29±2.98, Caf=12.94±2.61; n=6) or stimulated 

conditions (Ctrl=15.40Ñ3.23, Caf=11.66Ñ3.31; n=6). Caffeineôs effect was mimicked by the 

adenosine A1 receptor DPCPX (DPCPX=21.95±1.42, n=4) and by the adenylyl cyclase activator 

forskolin (FK) (FK=18.76±1.82, n=4); and was blocked by the PKA inhibitor, H-89 (H-

89=11.58±0.98, n=4), tyrosine kinase inhibitor genistein (Gen=9.19±0.31, n=3) and src family 

kinase (SFK) inhibitor PP1 (PP1=9.76±0.42, n=3). Forskolin-stimulated cAMP levels (F) were 

reduced in the presence of the A1 receptor agonist CHA (F=2317±447, n=3; CHA=1094±420, 

n=2). The GluN2B subunit-containing NMDAR antagonist ifenprodil (IF) inhibited caffeineôs 

effect at 10uM (IF=8.78±0.35; n=6). Conclusion: Our data suggest that caffeine potentiates D-

asp-induced GABA release, which is mediated through reversion of GAT-1 and is dependent of 

NMDAR. Caffeine seems to promote this effect by antagonizing the adenosine A1 receptor and 

cAMP levels and PKA may be involved in it. Additionally, phosphorylation of the GluN2B 

containing-NMDAR by SFK may participate in the potentiation of D-asp-induced GABA release 

by caffeine. 
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Title: Modulation of ERK phosphorylation by A1 adenosine receptor in cultures of avian retinal 

glial cells: Involvement of PKC and Src kinase 

Authors: *A. DOS SANTOS-RODRIGUES
1
, M. R. PEREIRA

1
, I. L. A. DA SILVA

1
, S. A. 

RODRIGUES
1
, L. R. LEÃO-FERREIRA

2
, R. PAES-DE-CARVALHO

1
 

1
Neurobio., 

2
Mol. and Cell. Biol., Fluminense Federal Univ., Niteroi, Brazil 

Abstract: Adenosine is an important modulator of neuronal survival and differentiation and also 

participates in neuroprotection mechanisms. Besides its classical role in the regulation of 

adenylyl cyclase activity, increasing evidence indicates that adenosine receptors regulate 

different signaling pathways including MAP kinase cascade which appear to have important 

roles in several neural and glial functions. Glial cells play fundamental roles in the CNS such as 

regulation of synaptic transmission as well as neurotransmitter uptake and metabolism. In the 

present work expression of adenosine A1 receptors and regulation of extracellular-regulated 

kinase (ERK) activity of cultured retinal glial cells by adenosine was evaluated. Expression of 

A1 receptor in purified cultures of glial cells obtained from 11 day-old chick embryo retinas was 

detected by (3H) DPCPX binding and western blot. Purified cultures were incubated with 

selective kinase inhibitors and adenosine receptor selective agonists or antagonists for 

determination of phosphorylated ERK (pERK) level by western blotting or 

immunocytochemistry. Incubation of cultured glial cells with adenosine deaminase (0.5 U/ml) or 

DPCPX (10 ɛM), an A1 receptor-selective antagonist, reduced basal pERK level by 

approximately 50% indicating that endogenous adenosine regulates ERK phosphorylation 

through activation of A1 receptor. Incubation with CHA (1 ɛM), an A1 receptor-selective 

agonist, induced an increase of 120% in pERK levels, an effect completely blocked by DPCPX. 

Basal pERK level was also reduced 30-50% by PD98059, a MEK inhibitor, PP1, a Src inhibitor, 

or Chelerythrine chloride (100 nM), a PKC inhibitor. Furthermore, these selective inhibitors 

completely blocked CHA-induced ERK phosphorylation. Immunocytochemistry data revealed 

that A1 receptor-induced increase in pERK level is mainly localized in the cytosol. These results 

demonstrate that A1 adenosine receptor is expressed in retinal glial cells and modulate ERK 

signaling through a pathway involving PKC and Src kinase. 
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Abstract: A ketogenic diet (a low-carbohydrate high-fat protocol) was designed in the 1920s to 

mimic fasting to treat epilepsy. In recent decades, ketogenic diet has increasingly been noted as a 

useful therapy for medically-refractory epilepsy using antiepileptic drugs. Despite decades of 

clinical use, the neural mechanisms underlying the anticonvulsant effects of a ketogenic diet are 

poorly understood, and to date there has been no established in vitro preparation recapitulating 

its neural effects in vivo. To elucidate this, we used a complementary approach which included in 

vivo dietary treatment followed by characterizing acute brain slices using electrophysiology. We 

fed rats and mice a ketogenic or control diet for 2-3 weeks, prepared acute hippocampal slices, 

and performed electrophysiology and pharmacology in the seizure-prone CA3 region of 

hippocampus. Slices from ketogenic diet-fed animals showed reduced excitability, and seizure 

propensity depended on maintaining a reduced extracellular glucose level. This reduced 

excitability was not observed from control diet-fed rats and mice. The effects of the ketogenic 

diet could be reversed with blockers of adenosine A1 receptors and were absent in slices obtained 

from ketogenic diet-fed mice lacking adenosine A1 receptors, thus identifying specific 

mechanisms mobilized by the diet that influenced neuronal activity. These results suggest that 

the reduction of neuronal activity through activation of adenosine A1 receptor is one of the key 

mechanisms underlying anticonvulsant effects of ketogenic diet.  
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Abstract: After ischemic injury adenosine levels are highly elevated in the brain. The role of 

adenosine receptors in ischemic injury has been studied, however very little is known about the 

A2B adenosine in the brain. In peripheral organ ischemia-reperfusion causes the upregulation of 

A2B receptors and organ protection. In contrast, we made the remarkable observation that 

inhibition of A2B receptors provides robust protection against stroke injury in mice. Therefore, 

we used electrophysiology methods to explore potential mechanisms to explain the injurious role 

of A2B receptors in brain ischemia. Patch clamp recordings from adult mouse hippocampus 

demonstrate that pharmacologic activation of the A2B receptor leads to a reduction in SK 

channel mediated current. Synaptic recordings implicate this A2B regulation of SK channels is 

present at the synapse. Additionally, our findings suggest that this potential interaction between 

A2B receptor and SK channel activity may be mediated by a mechanism involving protein 

kinase A (PKA) dependent signaling. These findings propose a novel signaling interaction 

between A2B receptor signaling and SK channel functional activity, which may provide an 

improved understanding of SK channel regulation at the synapse. Further, these observations 

may have implications in neuronal excitability and efficacy of synaptic transmission, particularly 

after ischemic injury. 
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Abstract: Adhesion GPCRs are a family of more than 30 receptors that undergo autoproteolytic 

cleavage to separate their long, extracellular N termini (NT) from their 7-transmembrane regions. 

These receptors share a conserved G protein Autoproteolysis-Inducing (GAIN) domain, which 

mediates this proteolytic activity (Arac et al. 2013). Previous studies have shown that loss of the 

NT augments receptor signaling activity in several adhesion GPCR family members including 

brain-specific angiogenesis inhibitor 1 (BAI1), a Galpha12/13-coupled receptor that has been 

shown to regulate dendritic spine morphology in hippocampal neurons (Duman et al. 2013) and 

signal to the Rho, Rac, and ERK pathways (Duman et al., 2013; Stephenson et al. 2013, Park et 

al. 2007). BAI1 exhibits significant constitutive activity in cultured cells, but the mechanisms 

regulating receptor activity are currently unknown. We hypothesized that the GAIN domain of 

BAI1 might be a key regulator of receptor signaling activity. We prepared a Flag-tagged BAI1 

GAIN domain construct and found that the GAIN domain binds robustly to both the BAI1-NT 

and full-length BAI1. Moreover, we found that co-transfection of the BAI1 GAIN domain 

modulates the constitutive activity of the full-length receptor, as assessed in multiple distinct 

assays. These data suggest that the constitutive activity of BAI1 is regulated by GAIN domain 

binding, which has implications for understanding how this receptor is activated in native cell 

types in the brain. 
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Title: The subcellular localization and local function of Gs-linked receptor GPR3 in neuronal 

cells 
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Abstract: G-protein coupled receptor (GPR) 3 is a member of GPRs that constitutively activates 

adenylate cyclase. We have reported that the expression of GPR3 in cerebellar granular neurons 

(CGNs) enhances neurite outgrowth and modulates proliferation of CGNs. However, the 

subcellular localization and local function of GPR3 have not been fully elucidated. In the present 

study, we investigated the distribution of GPR3 in the CNS utilizing the GPR3 knockout LacZ 

knock-in mouse. X-gal staining for these mice revealed that GPR3 was distributed in the cortex, 

striatum, hippocampus, medial habenular nucleus, and cerebellum. We further determined the 

subcellular localization of GPR3 in cerebellar granular neurons (CGNs) using fluorescent-tagged 

GPR3. In CGNs, GPR3 was distributed along the plasma membrane and in endoplasmic 

reticulum and goldi body. To precisely analyze time-dependent distribution of GPR3 in vivo, we 

examined the distribution of GPR3 in CGNs using time-lapse imaging. Surprisingly, fluorescent 

punctae of GPR3 were translocated along the neurite in both directions. Moreover, translocation 

of GFP-GPR3 punctae was completely abrogated by administration of blebbistatin, which is a 

potential myosinIIinhibitor. We further asked if local distribution of GPR3 affects local 

activation of cAMP-PKA signaling pathway. PKA FRET indictor (AKAR3EV) analyses 

revealed that up-regulation of GPR3 resulted in activation of PKA in cell body and neurites, 

whereas local activation of PKA in the tips of neurite was inhibited by administration of 

blebbistatin or transfection of GPR3 siRNA in SH-SY5Y cells. There results thus indicated that 

GPR3 may be related with local PKA activation, thereby affect neurite outgrowth and neuronal 

polarization. 
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Abstract: Appreciation of the existence of oligomeric G protein-coupled receptor (GPCR) 

complexes with distinct signaling properties from their homomeric counterparts is growing. Yet, 

the effect of heteromerization on the pharmacology of many GPCR homomers remains 

unknown. We have undertaken the task to examine the effect of heteromerization on Gs signaling 

through the adenosine 2A receptor (A2AR) and Gi signaling through the dopamine receptor type 2 

(D2R). Signaling through the A2AR-D2R heteromeric complex is of great interest as this 

heteromer is an emerging therapeutic target for Parkinsonôs disease. Previous work suggests the 

A2AR and D2R display reciprocal antagonism, with A2AR-mediated negative allosteric 

modulation of the D2R and D2R-mediated negative allosteric modulation of the A2AR. We sought 

to develop an electrophysiological assay for A2AR-D2R heteromer and homomer signaling. Our 

objective is to determine using this assay whether combining D2R full agonists and A2AR inverse 

agonists targeting the A2AR-D2R heteromer will potentiate dopaminergic, Gi signaling more than 

sole stimulation of the D2R. We heterologously expressed GIRK channels that can serve as 

reporters for GPCR signaling through Gi and Gs. Xenopus laevis oocytes injected with cRNA for 

GIRK1, GIRK2, D2R, A2AR, and GŬs were used for our heterologous expression system and 

currents were measured using two-electrode voltage-clamp. GIRK channels were used as 

reporters for GPCR signaling because GPCR activation leads to direct Gɓɔ-mediated stimulation 

of the GIRK current. Preliminary data have demonstrated that heteromer formation decreases 

dopamine-elicited Gi signaling through the D2R and CGS-21680-elicited Gs signaling through 

the A2AR. Furthermore, this reciprocal antagonism seemed to occur through a wide cRNA GPCR 

injection ratio. Currently, we are examining crosstalk by assessing whether addition of agonists 

or inverse agonists to the A2AR is able to decrease or increase respectively the D2R-mediated Gi 



signaling through the A2AR-D2R heteromer. Modulation of Gs signaling through the A2AR by 

D2R ligands is also being examined. Once we have characterized Gs and Gi signaling through the 

A2AR-D2R heteromer in our heterologous expression system, we will validate the results in 

native cells to ensure the physiological relevance of such signaling. Characterization of the 

signaling pathway through the A2AR-D2R heteromer will provide insight into what ligands 

optimize dopaminergic signaling, which may advance Parkinsonôs disease pharmacotherapy. 
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Abstract: The goal of this study was to design, synthesize and iteratively optimize a mini-library 

of N-substituted indoles with high selectivity for the MT2 melatonin receptors. Theoretical 

models of human melatonin receptors were generated using the x-ray crystal structures of 

rhodopsin [PDB ID: 1L9H] and beta-2 adrenergic G-protein-coupled receptor [2RH1; 3NYA; 

3SN6]. To enhance the predictability of these models, a curated list of ligands with affinity for 

melatonin receptors were used to generate pseudo-receptor spaces (PRS) and as shape/volume 

filters of 3D melatonin receptor models. An ensemble of functionally relevant receptor 

conformations of melatonin receptors were generated by high-throughput hierarchical helical 

search by translation and rotation of transmembrane helices followed by combinatorial docking 



of PRS of active melatonin ligands. A total of ~15 million ligand-melatonin receptor complexes 

were analyzed to gauge the conformational dynamics and ligand induced changes in receptor 

architecture. MT1 receptor rotamers with TM3 and TM5 at 330 and 240 degrees positioned 

H195, S110 and S114 to provide space within the binding site to accommodate melatonin. A 

further translation in the x-direction was required to enhance melatonin binding through H-

bonding interactions with S110 and S114. Using these predictive MT1 and MT2 melatonin 

receptor models we designed, synthesized and iteratively optimized a mini-library of N-

substituted indoles. In silico analysis of the top MT2 ligand, with Ki values of 17.0 + 1.4 nM 

(n=6) and 1848+1.4 nM (n=6) for MT2 and MT1 receptor, respectively [MT1/MT2 affinity ratio = 

115] revealed several residue clashes [VAL111, ILE112, ILE115 and PHE116] in the MT1 

receptor binding pocket and none in the MT2 receptor pocket, indicative of MT2 selectivity. The 

high number of ligands with MT2 selectivity in this library can be attributed to the ring stacking 

interactions with W264, F209, H208 and hydrophobic interactions with M120, V124, I125, 

F129, L172, Y183, F192, V205 and L267. Furthermore, the MT2 melatonin receptor binding 

constants of these compounds was proportional to the hydrophobicity of the N-aryl substituent. 

Optimization of this lead molecule could result in highly selective MT2 melatonin receptor 

ligands. 

Disclosures:  M.L. Dubocovich: None. E.B. Naranjo-Rodriguez: None. A. Lira -Rocha: 

None. O. Espejo-Gonzalez: None. R.V. Rajnarayanan: None. 
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Abstract: The endocannabinoid system (ECS) represents a potential therapeutic target for 

neurodegenerative diseases. ECS consists of the cannabinoid receptors CB1 and CB2, the 

endocannabinoids (eCBs) and the enzymes involved in synthesis and degradation of the eCBs. In 

our study we investigated the expression of CB1 and CB2 and of the endocannabinoid 

hydrolyzing enzymes monoacylglycerol lipase (MAGL) and fatty acid amide hydrolase (FAAH) 

in different cell types of the brain. The expression levels of CB1, CB2, FAAH and MAGL were 

quantified in primary mouse neurons, astrocytes, oligodendrocytes and microglia on mRNA 

level by qPCR and on protein level by Western blot. The cellular localization of CB1, CB2, 

FAAH and MAGL was investigated by immunocytochemistry. We found that CB1 receptors 

were highly expressed in neurons and CB2 receptors were highly expressed in microglia. MAGL 

and FAAH were mostly expressed in astrocytes, whereas microglia expressed relatively low 

levels of MAGL and FAAH. Our results confirm that CB2 ligands will mainly induce an effect 

on microglia, whereas CB1 ligands will mainly induce effects in neurons. Inhibitors of MAGL 

and FAAH will target mainly astrocytes that might play a key role in mediating neuroprotective 

and anti-inflammatory effects related to MAGL and/or FAAH inhibition. 

Disclosures:  M. Engelskirchen: None. P. Weydt: None. N. Pasquarelli: None. H. Bayer: 
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Ingelheim Pharma GmbH & Co. KG. A. Witting:  None. 
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Abstract: From a neurophysiological perspective wakefulness is characterized by mild 

depolarization of principal neurons of cortical structures and parts of the thalamus and the 

cessation of slow-wave activity. Histamine is a biogenic amine, which is a key transmitter in the 

arousal and wakefulness system of the mammalian brain. It has been shown to have largely 

excitatory actions in the hippocampus where it promotes burst firing in pyramidal cells. Because 

the hippocampal area CA3 has a strong tendency to generate gamma oscillations (30-80Hz) 

when exposed to an excitatory neurotransmitter we hypothesized that histamine may promote 

such rhythmic network activity. Indeed we found that histamine dose-dependently elicits gamma 

oscillations and this histamine-induced rhythmogenesis depends on the H1 receptor but not H2 

or H3. We also showed that rhythmogenesis was independent of indirect release of acetylcholine. 

Using in-situ hybridization with probes for the H1, H2 and H3 receptors respectively, we 

observed that they were all expressed in stratum pyramidale with little expression outside this 

layer. The H2 and H3 receptors were also expressed in CA1 whereas the H1 receptors were 

almost exclusively expressed in CA3, suggesting that they might have a specialized role there. 

Both pyramidal cells and fast-spiking interneurons exhibited a depolarization as well as a 

decrease in membrane resistance in response to histamine. We did not observe any effect on 

synaptic charge transfer for excitatory or inhibitory postsynaptic currents recorded in pyramidal 

cells. Rather, it was an increased synchronization of inhibitory postsynaptic currents that seems 

to underlie the rhythmogenic effect of histamine. 

Disclosures:  R.H. Andersson: None. D. Galter: None. A. Fisahn: None. D. Papadia: None. 
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Abstract: Ketamine is a well-known N-Methyl-D-aspartate (NMDA) receptor antagonist with a 

wide variety of pharmacological effects, including sedation, analgesia, hallucinations, and 

general anesthesia. However, the underlying molecular mechanisms that mediate these effects, 

particularly the anesthetic effects, remain unknown. Specifically, ketamineôs interactions with G-

protein coupled receptors (GPCRs) have been little studied. We aim to use olfactory GPCRs 

(ORs) as a model to study the ketamine-GPCR interaction by taking advantage of their ligand-

binding diversity and sequence and structural similarity for insights into the ketamine binding 

pocket. Using an in-vitro screen for OR ligand activation, we identified 4 ORs (MOR136-1, 

MOR136-3, MOR136-5 and MOR139-1) that respond to ketamine in a dose-dependent manner. 

We then applied a combination of molecular homology modeling and site-directed mutagenesis 

to examine key ketamine binding residues in the MOR136-1, and were able to increase (D109), 

reduce (S105) and abolish (S112) its ketamine response via single site mutations at the indicated 

residues. Finally we were able to introduce ketamine response in a non-responder, MOR136-4, 

again by a single site mutation at Y104. All four residues are located in the third transmembrane 

domain (TM3), suggesting its importance in ketamine binding and response. Our results suggest 

that GPCRs could, at the minimum, serve as functional targets for ketamine, and our ability to 

abolish and introduce responsiveness in specific receptors suggest a signature binding pocket that 

can be used to further explore other protein structures for more candidate ketamine receptors. 

Disclosures:  J. Ho: None. L. Gao: None. J.M. Perez-Aguilar:  None. J.G. Saven: None. R. 

Eckenhoff: None. H. Matsunami: None. 
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Abstract: 2-Arachidonoylglycerol (2-AG) is the most abundant endogenous cannabinoid in the 

brain and is a high efficacy agonist at both cannabinoid receptors (CB1 and CB2). Over the past 

years the synthesis, degradation and signaling of 2-AG have been investigated in some detail. 

However, several other endogenous monoacylglycerols have been isolated from various tissues, 

but their pharmacology has not been fully explored. Two of these are 2-linoleoylglycerol (2-LG) 

and 2-oleoylglycerol (2-OG), also a GPR119 agonist. The current data suggest that these 

compounds do not bind to the cannabinoid receptors. Nor do they affect intracellular free Ca2+ 

levels or adenylyl cyclase activity in a CB1-dependent manner. However, the presence of these 

compounds has been reported to potentiate the activity of 2-AG and slow its degradation, 

possibly through competitive inhibition of 2-AG degradation. This phenomenon has been dubbed 

the óentourage effectô and may be a means to regulate synaptic activity. To clarify the activity of 

these lipids at the CB1 receptor we employed patch-clamp and cell-based assays. For the former 

we used cultured autaptic hippocampal neurons, i.e. self-synapsing neurons that have the 

necessary cellular machinery for several forms of endocannabinoid-mediated synaptic plasticity. 

This includes the 2-AG-, CB1-, and MAGL-dependent retrograde form of neuronal signaling 

known as depolarization-induced suppression of excitation (DSE), making it a useful model to 

test for a potential entourage effect. Our electrophysiological data show that 2-OG and 2-LG do 

not inhibit neurotransmission via CB1 when applied to autaptic neurons. However, these 

compounds fail to potentiate the 2-AG-dependent DSE. Instead 2-OG and 2-LG behave as 

antagonists at the CB1 receptor, attenuating DSE. This result is inconsistent with an óentourage 

effectô. Interestingly 2-OG and 2-LG do internalize CB1 receptors in CB1-HEK cells, as shown 

by an on-cell western assay, indicating that these compounds do activate CB1 receptors under 

some conditions. Our results suggest 1) that these compounds may serve as functional 

antagonists under certain conditions and, interestingly, 2) that these compounds may exhibit 

functional selectivity in their signaling. Our results suggest that the relationship between 2-AG 

and its congeners may be more nuanced than previously appreciated. 

Disclosures:  N. Murataeva: None. K. Mackie: None. A. Straiker:  None. 
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Abstract: G-protein coupled receptor 35 (GPR35) was de-orphanized after the discovery that 

kynurenic acid (KYNA) acts as an agonist of this receptor. Abundant evidence supports that 

GPR35 exists primarily in peripheral tissues. Here, we tested the hypothesis that GPR35 exists in 

the hippocampus and remains a molecular target for the actions of KYNA in the CNS. 

Fluorescence immunohistochemical staining using an antibody anti-NeuN (a neuronal marker), 

an antibody anti-GFAP (a glial marker), and an antibody anti-GPR35 revealed that neurons in 

the stratum oriens, stratum pyramidale and stratum radiatum of the CA1 field of the 

hippocampus express GPR35. To determine whether these receptors are functional, we tested the 

effects of various GPR35 agonists on the frequency of spontaneous action potentials recorded as 

fast current transients (CTs) from stratum radiatum interneurons (SRIs) under cell-attached 

configuration in rat hippocampal slices. Bath application of the GPR35 agonists zaprinast (1-10 

µM), dicumarol (50-200 µM), pamoic acid (500-1000 µM), and amlexanox (3 µM) produced a 

concentration- and time-dependent reduction in the frequency of CTs. Superfusion of the 

hippocampal slices with the GPR35 antagonist ML145 (1 µM) increased the frequency of CTs 

and reduced the inhibitory effect of zaprinast and dicumarol. At concentrations ranging from 200 

nM to 1000 nM, KYNA also decreased the frequency of CTs. The present results demonstrate 

that functional GPR35s are expressed by CA1 SRIs and suggest that these receptors can be 

molecular targets for KYNAôs actions in the hippocampus. 

Disclosures:  M. Alkondon:  None. E.F.R. Pereira: None. S.W. Todd: None. M. Lane: 

None. E.X. Albuquerque: None. 
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Abstract: Major endocannabinoids (e.g., 2-arachidonoylglycerol, anandamide) and cannabis 

components (e.g., ȹ9-tetrahydrocannabinol) can activate two types of cannabinoid receptors--

CB1 and CB2 receptors (CB1R and CB2R, respectively). In the brain, the effects of 

cannabinoids have been studied mostly in relation to CB1R in part because early evidence 

indicated that CB2R was present in the immune system but not in the brain. However, CB2Rs 

have been recently discovered in the brain and implicated in various neuropsychiatric 

phenotypes, suggesting their involvement in a variety of brain functions such as anxiety, 

addiction, depression and schizophrenic behaviors. Despite recent information about the 

presence and behavioral effects of CB2Rs, it is largely unknown how CB2Rs regulate neuronal 

functions at the cellular level. In the hippocampus, CB2Rs are located in the soma and dendrites 

of neurons, especially near synaptic contacts, as well as in microglia, but the role of CB2Rs in 

modulating synaptic function remains elusive. The objective of this study is to determine the role 

of CB2Rs in regulating synaptic transmission. Postsynaptic currents were recorded from CA1 

pyramidal neurons in organotypic cultures of the rat hippocampus. CB2R agonists were found to 

change the properties of glutamatergic synapses via extracellular signal-regulated kinases. This 

study reveals a novel function of CB2 receptors in the hippocampus. It will be interesting to 

further identify the signaling cascade and CB2R location that are involved in the synaptic 

regulation. 

Disclosures:  J. Kim:  None. 
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Abstract: The Protein Interacting Specifically with Tc10 (PIST) is a Golgi resident PDZ protein 

implicated in sorting at the trans-Golgi-network (TGN). For instance, PIST protects Somatostatin 

(SOM) Receptor subtype 5 (sst5) from lysosomal degradation by trapping it in the Golgi before 

its engagement in the recycling pathway (Bauch et al, 2014). Here we used immuno labelling 

and confocal microscopy followed by fluorescence intensity profile analysis to examine the 

effect of somatostatinergic agonists on PIST subcellular distribution and its association with 

trafficking adaptors in the endocrine AtT20 cell line that endogenously expresses several SOM 

receptor subtypes (sst1, 2, 4, and 5). As expected, we observed a high peak of PIST 

immunofluorescence at the TGN under control non-stimulated conditions. Interestingly, 

following stimulation with the sst2-selective agonist L779,976 (0 to 60 minutes), while the main 

peak of PIST was still associated with the Golgi, over time smaller fluorescence peaks appeared 

at the cell periphery associated with PIST-positive vesicular structures. They appeared to be 

located just beneath the plasma membrane as visualized by immuno labelling for the sst2A 

receptor. This apparent mobilization of PIST positive structures from TGN to the cell periphery 

appeared to rely on sst2 activation since L779,976 is highly selective for sst2 over other SOM 

receptor subtypes. We also observed an increased co-localization of PIST and a recycling 

adaptor, Rab11a, following sst2 stimulation suggesting a possible role for PIST in the recycling 

pathway. Based on these observations, we propose an important role for PIST in the regulation 

of trafficking from the Golgi compartment including the regulation of recycling. 

Disclosures:  W. Alshafie: None. Y. Pan: None. H.J. Kreienkamp: None. T. Stroh: None. 
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Abstract: Adenosine is a principal regulator of synaptic depression in various neuronal insults 

such as hypoxia/ischemia. Hypoxic insult to the vulnerable hippocampus induces a substantial 

increase in extracellular adenosine and subsequent synaptic depression, which is mediated by 

activation of the adenosine A1 receptor. The inhibitory adenosine A1 receptors are widely 

believed to be neuroprotective in these insults, whereas the excitatory A2A receptors promote 

neurotoxicity. We previously showed that a 20-minute hypoxic insult followed by a 45-minute 

normoxic reperfusion period induced rapid synaptic depression in hypoxia followed by 

significant post-hypoxic potentiation during reintroduction of oxygen. Accordingly, we showed 

that A1 receptors mediate synaptic depression through internalization of AMPA glutamate 

receptors, namely GluA1 and GluA2 AMPA receptor subunits. We hypothesized that the 

significant post-hypoxic potentiation is caused by A2A receptor activation, which we have 

shown causes increased GluA1-AMPA receptor surface expression. We tested hippocampal 

slices incubated in SCH 442416, an A2A receptor antagonist, and DPCPX, an A1 receptor 

antagonist followed by a 20-minute hypoxic insult and a 45-minute normoxic washout. 

Electrophysiological fEPSP recordings show that SCH 442416 prevented post-hypoxic 

potentiation, allowing fEPSPs to recover to baseline levels, and was accompanied by less GluA1 

upregulation compared to control, as shown by biochemical analysis. Paired-pulse ratio (PPR) 

analysis showed significant paired-pulse facilitation in hypoxia in presence of SCH 442416 

(decreased probability of neurotransmitter release), similar to control. However, during 

reperfusion of normoxic solutions, SCH 442416 caused recovery of PPR to baseline levels, while 

control slices showed paired-pulse depression (increased probability of transmitter release). 

Interestingly, DPCPX not only reduced hypoxia-induced synaptic depression, but also prevented 

post-hypoxic potentiation and GluA1 surface expression. These results suggest that a cross-talk 

between the adenosine A1 and A2A receptors primes A2A receptors for adenosine-mediated 

excitotoxic potential in cerebral ischemia/reperfusion injury. 

Disclosures:  J. Stockwell: None. Z. Ming:  None. Z. Chen: None. F.S. Cayabyab: None. 
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Abstract: Reports from the last decade overwhelmingly implicate synaptic dysfunction in most, 

if not all, Autism Spectrum Disorders (ASD). Synaptic structure and function are tightly 

coordinated by signal exchange between both glia and neurons. Understanding the mechanism(s) 

through which glia and neurons regulate synaptic transmission is critical to understanding ASD-

associated synaptic deficits. Several groups report finding astrocyte activation and neuronal 

hyperexcitability in ASD mouse models. Interestingly, activated astrocytes release matrix 

metalloproteinases (MMPs), a family of extracellular matrix protein proteases. MMPs may 

potentiate neuronal excitability through activation of glial-neuronal signaling, which may 

contribute to the hyperexcitability phenotype found in ASD. MMP-1 is known to activate 

protease-activated receptor 1 (PAR1), a G-protein-coupled receptor (GPCR) that is highly 

expressed in both astrocytes and neurons. Previous studies have shown activation of astrocytic 

PAR1 canonical G protein signaling triggers a Ca
2+

-dependent release of glutamate that 

potentiates neighboring neurons. Therefore, we questioned whether astrocyte-derived factors 

play a role in astrocyte to neuron signaling in vitro and in vivo. More specifically, we 

investigated the astrocytic modulation of neuronal responses via MMP-1 mediated activation of 

PAR1. In the present study, we utilized novel transgenic mice that overexpress the potent PAR1 

activating protein, human MMP-1 (hMMP1), under the direction of an astrocyte specific 

promoter to assess astrocyte to neuron signaling. First, we use a combination of complementary 

mass spectrometric methods to measure MMP-1 specific activation of PAR1. Next, we examine 

the role mobilization of intracellular astrocyte calcium plays in the release of glial glutamate with 



several calcium imaging experiments. Lastly, we employ the use of multielectrode arrays 

(MEAs) to study the effect of astrocyte-derived factors on neuronal action potential frequency. 

MMP1-mediated activation of PAR1 in astrocytes has not yet been reported in the context of 

neurodevelopmental disorders, thus this proposal offers an innovative approach to assess the 

therapeutic potential of PAR1 inhibitors. 

Disclosures:  M. Allen:  None. A. Smart: None. X. Chen: None. G.P. Ahern: None. R. 
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Abstract: Extracellular nucleotides acting at Gq- and Gi-coupled P2Y receptors (P2YRs) 

modulate biological processes in many organs and tissues. We explore novel P2YR agonists and 

antagonists, to identify selective agents as pharmacological probes and potential therapeutic 

agents. We designed fluorescent conjugates of functionalized congeners that display high P2YR 



affinity, for characterization of these GPCRs in living cells by flow cytometry and in cell 

membranes. Fluorescent agonists are mostly internalized consistent with agonist-induced 

receptor internalization, and this labeling is attenuated by specific P2YR ligands. Examples are 

MRS4129 and MRS4162, which are fluorescent pyrimidine nucleotides, respectively, selective 

for the P2Y6R (EC50 9 nM, phospholipase C activation) and high affinity pan-agonist at 

P2Y2R,P2Y4R and P2Y6R (expressed in astrocytoma cells). We synthesized P2Y14R 

fluorescent antagonists based on potent and highly selective 2-naphthoic acid derivative PPTN. 

We modeled the hP2Y14R based on recent hP2Y12R X-ray structures and simulated docking, 

suggesting that a piperidine of PPTN is accessible for tethering fluorophores. Click chemistry 

was used to conjugate functionalized PPTN alkyne derivatives and azide-bearing fluorophores. 

Flow cytometry showed high specific P2Y14R binding of AlexaFluor488 derivative MRS4174 

(Ki 80 pM, cAMP inhibition in P2Y14R-expressing CHO cells). Known P2Y ligands inhibited 

cell labeling consistently with affinity order. Thus, the 3D knowledge of ligand recognition in 

GPCRs promises to enable drug discovery through design of fluorescent molecular probes for 

P2YRs. This approach demonstrates the predictive power of GPCR homology modeling and the 

value of applying newly determined X-ray structures to the medicinal chemistry of GPCRs. 
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Abstract: Danio rerio P2X4 receptor crystals (zfP2X4R) with and without ATP in the 

orthosteric site offered the possibility of understanding at the structural/atomic level the function 

of this receptor channel. Alfaxolone, a prototype neurosteroid, elicited a positive allosteric 

modulation of the rP2X4R through an interaction occurring likely in the transmembrane (TM) 

rP2X4R domain; larger steroid concentrations elicited per se an ionic current, suggesting pore 

opening in the absence of ATP (Codocedo et al., 2009). We aimed at characterizing the steroid 

binding site and understand how the structure of the pore changes in response to alfaxolone 

binding to the TM domain of rP2X4R. Based on the crystallized zfP2X4R in the apo and holo 

(ATP-bound) states, corresponding rP2X4R models of the extracellular and TM domains for 

both states were built, including the modelling of the N and C-terminus cytoplasmic tails which 

are absent in the crystallized zfP2X4R. The rP2X4R model was embedded in an artificial lipid 

membrane environment; all atom molecular dynamics (MD) simulations with three docked 

alfaxolone molecules were developed during 100 nanoseconds. MD calculations not only 

allowed identifying the steroid binding site, but also the eventual conformational alternations 

elicited by steroid binding. Results reveal that in the apo state, 3 alfaxolone molecules interact 

with the TM domain throughout the simulation; however, only a single steroid forms hydrogen 

bonds across the subunit interface of the TM, while the other two steroid molecules only bind to 

the TM domain of the binding subunit. Channel activation involved the separation between the 

TM helices of neighboring subunits (Hattori & Gouaux, 2012). Single alfaxolone binding may 

partially open the rP2X4R pore, as evidenced by the increases in the solvent accessible surface 

area for Val-47 (subunit A) and Asn-338 (subunit C) when comparing the apo state with 

alfaxolone and apo state without alfaxolone, a feature also observed between the apo and holo 

structures of rP2X4R and zfP2X4R. These data provides insights of the direct alfaxolone effect, 

helping to understand the motion of the pore during rP2X4R channel gating. The interaction of 

neurosteroids eliciting a negative allosteric modulation will be promptly examined on the 

rP2X4R. 
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Abstract: Receptor systems of the hypothalamus are considered attractive targets for the 

development of therapeutics regulating food intake, satiety and body weight regulation. Recent 

neuropeptidomics studies have demonstrated that ProSAAS-derived peptides are among the most 

abundant peptides present in the hypothalamus; these peptides are greatly enriched in the agouti 

related peptide neurons of the arcuate nucleus. Additional studies have implicated Big LEN (b-

LEN), the peptide derived from ProSAAS in acute feeding. Recently we deorphanized GPR171, 

as a hypothalamic G protein-coupled receptor for b-LEN. GPR171 is a GŬi/o coupled receptor 

activated by the C-terminal region of b-LEN. Overexpression of GPR171 leads to an increase 

and knock-down leads to a decrease in b-LEN-binding and signaling. In the hypothalamus 

GPR171 expression complements the expression of b-LEN; the levels and activity of GPR171 

are elevated in mice lacking b-LEN. Lentiviral shRNA-mediated knock-down of GPR171 in the 

hypothalamus leads to alterations in food intake and metabolism. To further investigate the role 

of GPR171 in the orexigenic properties within the arcuate nucleus, a designer receptor 

exclusively activated by designer drugs (DREADD) approach was used targeting b-LEN 

containing, agouti related peptide neurons. Activation of these neurons with clozapine-N-oxide 

induced food intake; the role of b-LEN and other neuropeptides released from these neurons in 

food intake is currently being investigated. To explore the physiological involvement of GPR171 

in modulating additional behaviors, we examined its distribution in mouse brain and find 

expression in dentate gyrus, pedunculopontine nucleus, and preriaqueductal gray suggesting 

potential role for GPR171 on a number of behavioral outcomes. Further studies are underway to 

investigate the role of GPR171 in addiction, Parkinsonôs disease, and pain processing. This work 
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Abstract: GPR37-like-1 (GPR37L1) is a G protein-coupled receptor that is expressed almost 

exclusively in the central nervous system. This receptor has been previously shown by our lab to 

be activated by prosaposin, a secreted factor with neuroprotective and glioprotective actions 

(Meyer et al., Proc. Natl. Acad. Sci. USA, 2013). Stimulation of GPR37L1 by prosaposin 

mediates cytoprotective signaling in astrocytes and other cell types in the brain. Recently, exome 

mapping in a large, consanguineous family of Middle Eastern descent has identified a point 

mutation in the GPR37L1 gene as the single candidate mutation for inheritance of a previously-

undescribed recessive monogenic disorder. Affected children develop severe migraines and 

seizures around the onset of puberty, which is followed by cortical atrophy and ultimately death 

by the late teens. The mutation in the GPR37L1 gene results in a lysine to asparagine substitution 

(K349N) in the middle of the receptor's third cytoplasmic loop. To better understand the 

functional consequences of the GPR37L1 K349N mutation and assess whether this mutation 

underlies the pathology observed in the affected family, we have created a GPR37L1 expression 

construct with the K349N mutation. Ongoing studies are assessing the expression, trafficking, 

signaling and function of the K349N mutant receptor in transfected cells. These studies will shed 

new light on the fundamental properties of GPR37L1 and potentially provide insights regarding 

potential treatment options for the affected family. 
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Abstract: GPR37 is an orphan G protein-coupled receptor that is highly expressed in the brain. 

Previous work from our lab has shown that GPR37 is a receptor for the secreted neuroprotective 

and glioprotective factor prosaposin and that prosaposin acts through GPR37 to protect cultured 

astrocytes from oxidative stress-induced cell death (Meyer et al., Proc. Natl. Acad. USA, 2013). 

Interestingly, several reports indicate that GPR37 is expressed at particularly high levels in 

oligodendrocytes (Imai et al., Cell, 2001; Cahoy et al., J. Neurosci., 2008). Furthermore, 

prosaposin has also been shown to enhance the survival of oligodendroglia in vitro and also 

promote myelination in vivo (Hiraiwa et al., Proc. Natl. Acad. Sci. USA, 1997; Hiraiwa et al., 

Glia, 1999). However, despite the aforementioned evidence for GPR37 expression in 

oligodendroglia, the role(s) that GPR37 and its ligand prosaposin may play in oligodendroglial 

biology remain uncharacterized. Using enriched oligodendrocyte cultures and mixed glial 

cultures generated from either wild type (WT) or GPR37 knockout (GPR37KO) C57Bl/6 

neonatal mice, we investigated the role of GPR37 in oligodendroglial survival. We found that 

oligodendrocytes generated from GPR37KO mice are less viable in culture than 

oligodendrocytes generated from WT mice. Furthermore, we also observed that GPR37KO 

oligodendrocytes are more susceptible than their WT counterparts to death induced by oxidative 

stress via hydrogen peroxide treatment. Together, these data suggest that GPR37 is important for 

oligodendroglial survival and protection against insults. Ongoing studies in this area seek to 

elucidate the signaling pathways downstream of GPR37 that promote the survival of 

oligodendroglia. 
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