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Abstract: Spinal cord maturation is followed with the corticospinal inputs. In order to
understand how much the early events in the spinal cord are influenced by the arrival of
corticopsinal axons, we studied the monosynaptic elimination, the expression of activity-related
genes, neurotrophins and their receptors from postnatal day (P) 0 to 21, using Celsr3|Emx1 mice,
in which corticospinal axons never reach the spinal cord. The corticospinal tract was specifically
labeled by anti-PKCy antibody in the dorsal funiculus, showing gradually increased from PO to
P21 in the control, but never visible in the mutant. Using anti-parvalbumin and ChAT double
immunostaining, close contacts of proprioceptive fibers and spinal motoneurons appeared at PO
and were gradually eliminated thereafter, showing no difference between control and mutant
mice. The number of parvalbumin-positive interneurons behaved an increased trend from P7 to
P21 and an elevation of c-Jun protein was seen at P7, but there was no significant difference at
each time-point between two groups. In control samples, CNTF protein was increased at P7 and
gradually decreased after P14, which fluctuation from PO to P14 was not found in mutant
samples, and reached comparable levels at P14 and P21 between two groups. The expression
patterns of NT3, truncated and full-length TrkC were similar in the control: increasing at P7 and
decreasing after P14. In contrast, a significant increase of these neurotrophins was not found at
P7 in the mutant. The similar fluctuation of BDNF, TrkB , GDNF and p75NTR proteins was
present in two genotypes, such as BDNF increased at P7 and decreased at P14, the ratio of
truncated to full-length TrkB increased after P14, GDNF increased at P14, and p7SNTR
gradually decreased after P7. In conclusion, the elimination of monosynaptic contacts and the
changes of the expression of activity-related genes, neurotrophins and their receptors happen
during the critical period, but these events are not highly dependent on the corticospinal inputs,
except for the expression of CNTF, NT3 and TrkC.
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of juvenile zebra finches is affected by song tutor availability

Authors: *K. ASIK, J. R. KIRN;
Biol. Dept., Wesleyan Univ., Middletown, CT

Abstract: The songbird telencephalon continually receives new neurons throughout life. Peak
levels of new neuron incorporation in HVC (proper name) have been associated with a critical
period for vocal learning (Nordeen & Nordeen, 1988.). A subsequent, age-related drop in the rate
of new neuron incorporation is accompanied by song crystallization and the end of the critical
period for song learning. The caudomedial nidopallium (NCM), analogous to mammalian
auditory association cortex, is a crucial brain region for acquiring tutor song memory (Bolhuis &
Gabhr, 2006). Additionally, NCM contains a high number of inhibitory interneurons, including
parvalbumin-expressing (PV) interneurons, which are known to be important for proper
development of many critical period processes across several organisms (Pinaud et al., 2004,
Phan et al., 2006, Hensch, 2005). The extents to which levels of NCM neuron addition relate to
learning have not been explored. We injected male zebra finches with the cell birth marker
Bromodeoxyuridine (BrdU) during song learning to quantify new NCM neurons including those
expressing parvalbumin. We found a peak rate of incorporation of both new PV and new non-PV
neurons around 40 days-post-hatch (dph) in normally raised males, which is consistent with the
timeline of tutor song memory acquisition. For both types of new neurons, this peak was
followed by a decline at around 60 dph and a further decline in adulthood. Another group of
zebra finches was raised without tutors, a procedure that delays the normal end of the critical
period (Eales, 1985). We found elevated levels of both PV and non-PV new neurons at around
60 dph, compared to normally raised birds. These findings suggest a relationship between levels
of new neuron incorporation and the timing of song learning, a crucial process for mating
success in male zebra finches.
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Abstract: Several repositories of neural stem cells are resident in the nervous system. One
population, residing in the olfactory epithelium (OE) lining the nasal cavity, generates excitatory
projection neurons that extend a long axon from the neuroepithelium to the olfactory bulb. Each
sensory neuron expresses a single odorant receptor (OR), a single gene choice out of ~1200 OR
genes in mice, conferring an identity required for odorant detection and appropriate targeting of
its axon to the olfactory bulb. Basal stem cells have been known for more than 30 years to
generate sensory neurons in the young adult OE, but the ability of their counterparts in aged
tissue to recapitulate the OE is relatively unexplored. In particular, aging may alter OR
expression, implying receptor gene choice in newborn neurons may become restricted. Here we
probe the ability of the stem cell to generate a diverse array of sensory neurons expressing the
appropriate repertoire of odorant receptors in aged animals. To this end we generated a line of
mice, iIDTR+OMPCre/+, whereby a Cre-mediated excision of a STOP cassette renders mature
neurons sensitive to diphtheria toxin (DT) via activation of the DT receptor. This method permits
a specific and reversible ablation of mature (OMP-expressing) neurons upon DT administration
but without damage to potential synaptic targets in the OB or to other cell types found in the OE.
We administered either DT or saline to male mice of several age groups (2-18 months) for six
days. RNAs were harvested 30 days following ablation, to allow for complete degeneration and
subsequent recovery of the OE. Results reveal that age does not affect the cohort of OR genes
expressed following recovery from lesion in DT injected mice. In addition we observe that age
does not affect OR expression in saline injected mice. However, the OR repertoire does
significantly change following ablation and these effects are observed at all ages tested. These
results provide evidence that the regenerative potential of the neuronal stem cell is not altered by
age per se, as a wide array of sensory neurons are generated. However, lesion induced ablation of
a large number of sensory neurons disrupts the typical OR expression patterns observed in intact
mice.
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Title: A novel postnatal population of cortical projection neurons characterized by the co-
expression of Ctip2 and Satb2 in the mouse neocortex
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Abstract: The mammalian neocortex is tangentially subdivided into several functional areas and
radially organized into six neuronal layers showing prominent diversities in features and
functions despite similarities in their laminar organization. Differences in the molecular identity,
morphology and long-range connectivity of residing neurons allow neuronal diversity of the
mature cortex. The specification and differentiation of long-distance neocortical projection
neurons are first controlled by the expression of transcription factors, which become gradually
restricted and mutually exclusive during development. However, little is known on the
mechanisms by which area-specific projection neurons acquire their subtype identity and final
connectivity after birth. In this study, we show that neurons co-expressing Ctip2 and Satb2,
respectively involved in the early specification of subcerebral (SCPN) and callosal projection
neurons (CPN), progressively increase in numbers between PO and P21 in the mouse
somatosensory cortex. This neuron population displays unique connectivity and morphology
features, distinct molecular codes and electrophysiological properties. Since it is known that
Satb2 inhibits the expression of Ctip2 during development, we also investigated the molecular
mechanisms allowing their co-expression at postnatal stages and in different neocortical areas.
Our study thus demonstrates that co-expression of mutually exclusive CPN- and SCPN-specific



determinants enhances heterogeneity of distinct neuronal subpopulations and thereby subsequent
complexity of the postnatal mammalian neocortex.
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Abstract: Stem cells in the telencephalic ventricular zone generate neural precursor cells for the
olfactory bulb that are involved in maintenance and repair following injury. We have previously
shown that the adult zebrafish olfactory bulb is able to regenerate following deafferentation and
direct injury. Here, we examine the potential differential effects of injury type on cell genesis in
the ventricular zone. The hypothesis of this study was that the ventricular zone will exhibit a
similar injury response to various forms of damage in which cell genesis will increase in the
ventricular zone ipsilateral to the injury site, with an incremental return of cell genesis to control
levels following recovery. Temporary, partial deafferentation of the olfactory bulb was achieved
by single or repeated intranasal irrigation with Triton X-100; complete, permanent
deafferentation was accomplished with cautery ablation of the olfactory organ; and direct injury
involved a stab wound to the bulb. The potential effects on cell proliferation were examined
using intraperitoneal injection of bromodeoxyuridine (BrdU). A single application of Triton X-
100 caused a significant bilateral increase in proliferating cells in deafferented fish. Three weeks
of deafferentation with Triton X-100 significantly increased the number of anti-BrdU labeled
profiles in the treated side, whereas the untreated side had returned to control levels. With 4
weeks of Triton X-100 deafferentation, both sides appeared to exhibit reduced cell genesis but
were not significantly different from control levels. Similarly, ventricular zone proliferation
following complete, permanent deafferentation exhibited a bilateral increase anti-BrdU staining
intensity suggesting enhanced proliferation. Fish examined 4h following direct injury showed a
significant increase in anti-BrdU labeled profiles on the treated side only, while at 24h post-
lesion, anti-BrdU labeled profiles remained significantly increased on the treated side but were



significantly reduced on both sides compared to control fish. Ventricular zone response during
recovery from temporary deafferentation was then examined at 1 week and 3 weeks following 3
weeks of Triton X-100 deafferentation. One week of recovery resulted in a significant bilateral
decrease in anti-BrdU labeled profiles, while 3 weeks of recovery allowed both sides to return to
control levels. Thus, contrary to our hypothesis, these findings suggest that cell genesis in the
ventricular zone exhibits an injury-specific response where deafferentation results in bilateral
changes and direct injury causes primarily ipsilateral effects in cell proliferation.
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Abstract: The constitutive generation of new neurons is now a well-established feature of the
adult mammalian brain. A central question regarding adult neurogenesis is how new neurons
integrate into existing circuitry particularly in aged brains where neurogenesis has been reported
to significantly decline. To address this we combined a cellular morphometric analyses with
serial immune-EM ultra-structural analysis in a conditional transgenic mouse line to measure the
spatiotemporal dynamics of adult-born hippocampal mossy fiber (MF) synaptic development in
young adult (3 months, 3M) and aged (18 month, 18M) brains. We used the GlilCreER
tamoxifen (TM) inducible reporter line to fate map newborn granule cells and their processes in
young as well as aged brains. We found that while proliferation and survival of newborn neurons
decreases with age in the short term (4 weeks (W) post TM), in the long term (16W post TM) no
difference was observed between young adult and aged brains. This suggests robust long term
integration in newborn neurons in aged brain. However, differences in spatiotemporal dynamics
of newborn MF development were observed. In 3M hippocampus between 4W and 16W post
TM the density of newly formed MF terminals decreased while the average size of their boutons
increased. In contrast, in the 18M hippocampus MF bouton density steadily increased during
development, while average bouton size decreased. EM analysis confirmed these developmental
trajectories and revealed differences in the pattern of structural maturation in young adult and



aged brains. In particular, in young adult hippocampus newborn MF boutons initially form
nascent synaptic contacts that mature from 4W to 16W post TM while in aged hippocampus
newborn MF boutons were fully mature from the first times examined (4W post TM). We also
observed a significant amount of terminal “sharing” between newborn MF terminals and pre-
existing terminals in young adult brain during the entire developmental period examined (4-16W
post TM), but could only observed similar sharing at young developmental times (4W post TM)
in aged hippocampus. Together these data suggest that the mechanism by which newborn
hippocampal GCs integrate their axons into mature circuits is fundamentally different in young
adult brains and aged hippocampi. In young adult brains new MF terminals are added which
compete with pre-existing terminals for target space in mature circuits while in aged brain they
replace existing circuits. Therefore the cognitive impact of adult neurogenesis could be
profoundly different in young adult versus aged brain.
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Abstract: Primary and associative sensory information converge in the entorhinal cortex before
entering the hippocampus via the perforant path. Lateral and medial entorhinal neurons project
axons to the dentate gyrus as discrete laminae, providing segregated functional and anatomic
innervation of granule cell dendrites in the molecular layer. To examine the distribution of
perforant path inputs onto adult-generated newborn granule cells, we selectively activated or
silenced inputs from the entorhinal cortex. Following labeling of lateral or entorhinal cortex in
young adult mice with AAV9-CAG- channelrhodopsin2-GFP, we optogenetically stimulated
either lateral or medial entorhinal axons in brain slices, and verified laminar-specific activation



of mature dentate granule cells. We then labeled newly-generated granule cells with a retrovirus
to determine the distribution of perforant path inputs onto newborn neurons. At 21 days post-
injection, optogenetic stimulation revealed that excitatory inputs onto newborn neurons were
almost exclusively associated with lateral perforant path axons that target dendrites in the outer
molecular layer. Although the medial perforant path contributed only a minor component to the
excitatory input to newborn neurons, chronic silencing of the medial perforant path with AAV9-
expressing tetanus toxin, disrupted the development of excitatory inputs onto newborn neurons
(but not mature dentate granule cells) as measured by EPSC amplitude and dendritic spine
number. Our results indicate that newborn neurons are preferentially targeted by perforant path
axons from the lateral entorhinal cortex, which carry associative (contextual) information - a
distribution pattern consistent with a role for newborn neurons in pattern separation during
memory formation.
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Abstract: The protein Ki-67 is widely used as a marker of cell proliferation. Despite its frequent
use, the in-vivo half-life of Ki-67 is still unknown, although most agree that it is probably brief.
If the half-life of Ki-67 were known, Ki-67 could be used accurately as a marker for cell
proliferation in studies of neurogenesis in the adult mammalian hippocampus to determine
whether individual dividing cells continue to proliferate. To investigate the half-life of Ki-67 we
analyzed cell proliferation in the subgranular zone (SGZ) of the dentate gyrus in adult male
Sprague Dawley rats. In addition, in order to monitor the temporal distribution of proliferating
cells, one injection of CldU (42.5 mg/kg) was administered and the animals then were permitted
to survive for 30 minutes, 4 hours, 8 hours, 24 hours, 48 hours, 1 week, and 3 weeks before
being deeply anesthetized and perfused with 4% paraformaldehyde in phosphate buffer.
Following perfusion, brains were sectioned through the dentate gyrus at 40 um and stained with



antibodies for Ki-67 and CldU. A rabbit monoclonal anti-Ki-67 primary antibody and a donkey
anti-rabbit secondary antibody conjugated to the fluorophore Cy-2 were used to resolve cells
expressing Ki-67. Similarly, a sheep polyclonal anti-BrdU primary antibody and a donkey anti-
sheep secondary antibody conjugated to the fluorophore Cy-3 were used to resolve cells positive
for CldU. DAPI was used to stain all cell nuclei in order to clearly delineate cells in the SGZ
stained for Ki-67 and CldU. Cells expressing Ki-67 were regularly seen in clusters of 2 to 5 cells.
Cells that had incorporated CldU were typically observed in groups of 2 to 3 cells at survival
periods that ranged from 30 minutes to 48 hours and as isolated cells at 1 and 3 week intervals.
At survival periods of 30 minutes, 4 hours, and 8 hours we observed a near-complete overlap of
staining for CldU and Ki-67 in SGZ cells. At survival periods greater than 8 hours, the overlap in
staining is still observed, albeit decreased, suggesting that the half-life of Ki-67 may be longer
than results from in vitro experiments indicate.
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Abstract: Neuropathic pain (NP) is a major public health problem caused by a primary lesion or
dysfunction in the nervous system, with no effective therapy available. Since dorsal root
ganglion (DRG) is considered as an active player in the development and maintenance of NP,
elucidate DRG cellular pain partners is crucial to find new molecular targets. Prior to the
conception of these new strategies, it is necessary to identify and characterize the different DRG
cells to understand their involvement in pain. Recent publications suggested the presence of stem
cells in the adult DRG. So far, these cells were not examined in NP studies due to the lack of
tools to correctly identify and track them in situ. Using newly developed powerful transgenic
mice combined with 5-ethynyl-2’-deoxyuridine incorporation assay, immunohistochemistry or



electron microscopy, we were able to identify different subset of cells with fast proliferating rate
and one type of slowly proliferating stem cells. These adult DRG stem cells were purified to
study specifically their properties in vitro. FACS sorted positive stem cells had a slower
expansion rate, generated spheres over time with neurogenic and gliogenic potentials. Finally,
using lineage tracing with an inducible mouse line to activate YFP expression in adult DRG stem
cells and their progeny, we are able to investigate their fate and role in a DRG neurotoxic model.
By combining multiple approaches, we succeeded to identify DRG stem cells, highlight their
specific properties by comparing them to adult central nervous system stem cells and test their
participation to DRG neurogenesis in pathophysiological conditions. This fundamental
knowledge on adult PNS stem cells will open new avenues to therapeutic strategies in NP.
Support by ARSEP and ELA.
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Abstract: Adult neurogenesis is a life-long process whereby neural stem cells located in the
subgranular zone of the dentate gyrus in both humans and rodents, as well as in the
subventricular zone in rodents, divide, differentiate, mature and integrate in the local circuitry.
While the signaling important in each of these stages is still poorly understood, it is known that
local cholinergic signaling plays a role in the subventricular zone. The dentate gyrus receives
cholinergic input from the basal forebrain, a potential source of signaling that may impact adult
neurogenesis. Both metabotropic and ionotropic cholinergic receptors could contribute a
counterbalanced set of signals to modulate neurogenesis. For example, a7 nicotinic acetylcholine
receptors (nAChRs) are considered important in maturation of granular cells in the dentate gyrus
and have been shown to be expressed on cells in the subgranular zone. a7 nAChRs are highly
expressed in neonates and then see declining levels of expression until reaching adult levels at 3
weeks in mice. Though environmental factors as diverse as exercise and solitude have been
shown to have an effect on adult neurogenesis, extant literature conflicts as to possible



cholinergic effects. Little is known of the possible mechanism(s) through which cholinergic
signaling may act. To better understand adult neurogenesis in the dentate gyrus, we use a
NestinCrERT2 mouse that permits the labeling of Nestin+ neural stem cells. Using this model
we show that expression of Nestin+ neural stem cells in juvenile mice (p21-23) is unaffected by
exposure to nicotine during gestation and nursing, however is significantly decreased by
exposure to high levels of choline, which is known to bind to a7 nAChRs. On the other hand
intermediate precursor cells are unaffected. By contrast in adults (8-10 weeks), exposure to the
choline diet during gestation and nursing had no lasting effect, but chronic nicotine exposure
significantly reduced levels of Nestin+ neural stem cells. In addition, a subset (approximately
50%) of all animals exposed to nicotine at any age showed an increased level of granular cells
that were Nestint, possibly indicating that nicotine exposure is increasing the rate at which stem
cells mature. While preliminary, these studies show that the effects on neurogenesis of
cholinergic signaling may vary with the age of the animal. Ongoing research is attempting to
envision cholinergic signaling in organotypic culture, correlate changes in numbers of Nestin+
cells with neurogenesis, quantitate the effect of a7 nAChR knockout on adult neurogenesis, and
study the Nestin+ granular cells seen after exposure to nicotine.
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Abstract: The hippocampus is a brain region critical to learning and memory and is a frequent
target of many neurological diseases such as Alzheimer’s, other forms of dementia, and chronic
stress that have dramatic cognitive consequences. The Subgranular zone (SGZ) of the
hippocampus is one of the mammalian brain regions where new neurons are generated
continuously throughout adult life. Previously, we have successfully promoted adult
neurogenesis and demonstrated functional recovery after hippocampal granule cell degeneration
in a rat model. We used adrenalectomy (ADX) to induce gradual hippocampal granule cell death
in a rat model. This model leads to a gradual loss of neurons, a feature more in line with neural



degenerative diseases. Treatment of ADX animals with sonic hedgehog (shh) can promote a
significant amount of short term granule cell regeneration. However animals housed in enriched
environment were capable of maintaining the survival of new neurons for longer term. The
ability of the dentate gyrus to produce adult born neurons in both ADX and sham animals were
examined. The number of new born neurons in the DG area of ADX animals was comparable to
those observed in sham animals. These results suggest that environmental enrichment is critical
for the survival of new born neurons in this experimental paradigm. Animals kept in regular
cages without environmental enrichment were capable of producing adult born neurons, but the
new born neurons cannot survival for long term(months).
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Abstract: OBJECTIVE: To determine if overexpression of the exercise-induced transcription
factor PGC-1a in skeletal muscle improves morphological stroke outcomes. METHODS: Male
transgenic mice overexpressing PGC-1a under the muscle creatinine kinase (MCK) promoter
were subjected to a photothrombotic stroke in the sensory-motor cortex area. Ischemic lesions
were induced using Bengal rose and an infrared laser beam aimed at the exposed skull of 3-



month-old mice. Animals were perfused 4 weeks post-lesion for morphological analysis of lesion
size, inflammatory response and neural progenitor migration. RESULTS: Muscular
overexpression of PGC-1a resulted in increased infarct size (0.97 = 0.07 mm3, n=5) compared to
wild type controls (0.58 = 0.10 mm3, n=7; t-test, p=0.017). No differences could be detected in
the peri-lesional size, defined as an area with a distinct reduction in neuronal density. We
measured the inflammatory response by quantifying microglial and astrocytic markers. Total and
activated numbers of microglial cells (IBA1/CD68) within the peri-lesional area were similar for
the transgenic and wild type groups. As a measure of reactive astrocytosis, the radial intensity
profile of the astrocytic marker (GFAP) was quantified up to a distance of 1.6 mm from the
infarct border. We were unable to detect any differences in the intensity profile between the two
groups in neither stroke nor control conditions. Furthermore, no difference could be detected in
the migration of neural progenitor cells (DCX) from the sub-ventricular zone to the lesioned
neocortex. CONCLUSION: Contrary to our expectations, we found that overexpression of PGC-
la does not seem to have beneficial effects on morphological stroke outcomes in mice, but rather
displays detrimental effects, resulting in increased infarct size. This suggests that muscular
expression of PGC-1a has an impact on recovery and rescue of penumbral tissue through
mechanisms that need to be analyzed in further studies.

Disclosures: L. Karlsson: None. N. Gonzalez-Alvarado: None. A. Osman: None. K.
Blomgren: None. G. Kuhn: None.

Poster

289. Postnatal Neurogenesis: Temporal and Spatial Patterns
Location: Hall A

Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 289.13/A13

Topic: A.02. Postnatal Neurogenesis

Support: PhD Scholarship: DAAD / CNPq

Title: Effects of reduced adult neurogenesis on cognition and emotional behavior of mice and
environmental strategies as possible rescue

Authors: *M. E. SAKALEM', T. SEIDENBECHER’, R. SAFFARI’, M. ZHANG?, K.
DIEDERICH?, J. C. SCHWAMBORN?®, W. ZHANG?, O. AMBREE?;

*Dept. of Psychiatry and Psychotherapy, 'Universititsklinikum Miinster, Miinster, Germany;
*Inst. of Physiol. I, 4Dept. of Neurol., Univ. Miinster, Miinster, Germany; >Fakultit fiir
Naturwissenschaften, Technologie und Kommunikation, Univ. Luxemburg, Luxemburg,
Luxembourg

Abstract: Although it is now accepted that newborn neural cells are continuously integrated into
distinct areas of the adult mammalian brain throughout life (a process referred to as adult



neurogenesis), its functional role remains rather unclear. Much has been speculated and
investigated; nevertheless there is controversy on how adult neurogenesis contributes to memory
processes and emotional behavior. The aim of this study was to investigate the influence of adult
newborn neural progenitors on anxiety-related behavior as well as recognition and emotional
memory. For this purpose, dividing progenitor cells were depleted by ganciclovir treatment in
GFAP-tk transgenic mice. After the pharmacological depletion, a two-week rest was presented
prior to behavioral testing in order to allow the new differentiating neurons to be functional and
start integrating into the neural circuitry. The behavioral tests used were Open Field, Object
Recognition and Contextual Fear Conditioning. After testing, the brains were collected for
immunohistochemistry. BrdU and Doublecortin stainings confirmed a clear reduction in the
number of proliferating neural progenitor cells in transgenic mice in comparison with wild types,
as well as in the number of immature neurons, respectively. With regard to the behavior,
transgenic animals presented no deficit in general locomotion; also no anxiety-related changes
were observed. Nevertheless, recognition memory was evidently impaired in the animals with
reduced neurogenesis, in addition to an increased freezing response in the Fear Conditioning
Test. In order to investigate a possible rescue effect on these transgenic mice, a combination of
two neurogenesis-stimulant factors is currently carried out. For this study, after the
pharmacological depletion, animals undergo a 3-week protocol with enriched environment
combined with physical exercise in running wheels, for 1 hour a day. By manipulating the
environment this way, it is expected that not only the remaining neural progenitor cells will be
stimulated to proliferate, but their survival rate will also be supported. The results of this
manipulation on recognition and emotional memory as well as adult neurogenesis will be
presented.
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Abstract: Development of compulsive eating in eating disorders and obesity is promoted by
cycles of access to and deprivation from highly palatable food, and resembles that of addiction to
drugs. Epidemiological studies have shown that forms of compulsive eating in obesity and eating
disorders are also accompanied by cognitive deficits, which have been proposed to result from a
diet-induced reduction in hippocampal plasticity. Here, we studied the effects of intermittent
access to palatable food on hippocampal neurogenesis, a pivotal mechanism of plasticity, and on
hippocampal function. Male Wistar rats were either fed chow continuously for 7 days/week
(Chow/Chow group), or fed chow intermittently 5 days/week, followed by a high-sucrose,
palatable diet 2 days/week (Chow/Palatable group). Following diet cycling, hippocampal
function was assessed either during acute withdrawal or following renewed access to palatable
food. Our results show that animals withdrawn from palatable food displayed deficits in the
ability to recognize a novel location of a familiar object, as well as a bias in their preference of a
“novel cue” over a “novel place”, compared to Chow/Chow animals. Furthermore, diet cycled
rats showed reduced expression of immature neurons in the dentate gyrus of the hippocampus as
well as a withdrawal-dependent decrease of proliferating cells. In summary, our results suggest
that intermittent access to highly palatable food impairs hippocampal function and reduces
hippocampal neurogenesis.
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Abstract: Adult neurogenesis, the creation of new neurons in the adult brain, is an evolutionarily
conserved process that occurs in both vertebrate and invertebrate species. In the crayfish
Procambarus clarkii, the 1st-generation neuronal precursors are not self-renewing, however the
pool of neuronal precursors in the niche is never depleted over the long lives of these animals.
Thus, neuronal precursors in the crayfish must be added to the neurogenic niche from an
extrinsic source. In vitro and in vivo findings have shown that hemocytes generated by the
immune system are the likely neuronal precursors. In the current studies, three protocols are used
to extend these findings and to further characterize the relationship between the immune system
and adult neurogenesis in P. clarkii. Cells labeled with 5-bromo-2’-deoxyuridine (BrdU) were
quantified in the neurogenic niche and immune system tissues (the anterior proliferation center
[APC] and posterior hematopoietic tissue [HPT]) at standardized time points over a 21 day
period. The dynamics within the immune system were then altered with recombinant astakine 1
(r-AST1), a cytokine in the prokineticin family that promotes the release of hemocytes into the
circulation. The effects on precursors in the neurogenic niche were determined. The resulting
data show that manipulating the immune system of P. clarkii with r-AST1 alters the timeline by
which neuronal precursors arrive in the neurogenic niche, confirming that neuronal precursors in
the crayfish are indeed derived from the innate immune system.
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Abstract: Mitochondrial complex 1 deficiency is associated with a wide spectrum of
neurodegenerative diseases such as Leber hereditary optic neuropathy and Parkinson's disease.
The molecular basis of neuronal death mediated by defective complex 1 activity remains unclear.
Ndufs4 is an important subunit of complex 1, and its loss causes complex 1 deficiency. Ndufs4-/-
mice have acute vision loss between p20 and p30 days. Here we explore the retinal pathology
occurring between p20 and p30 in the Ndufs4-/- mice. Our results showed that Ndufs4-/- retinas
exhibited significant reduction in bipolar cells and postsynaptic density protein 95 accompanied



by retinal ganglion cell dendritic atrophy, but retinal ganglion cell counts were similar at this
point between Ndufs4-/- and wildtype mice. Our previous published data indicated that there is
loss of retinal ganglion cells in retinas of Ndufs4-/- mice at around p42 days. In addition, we
found that apoptosis was significantly increased in optic nerve, inner and outer nuclear layer of
Ndufs4 -/- mice at p20-21 days, and this result was confirmed by Western blot and QRT-PCR.
Ndufs4-/- retinas also exhibited increased oxidative stress as manifested by increased 4HNE,
HO1 and Cuzn-SOD at p20 days. Our results cast light onto the mechanism of retinal ganglion
cell death induced by complex 1 deficiency and may have implications for the development of
new therapies and early detection for blinding mitochondrial disease.
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Abstract: The purpose of this study was to determine the age by which children attain and
exhibit adult like postural sway characteristics during quiet unperturbed standing. In addition, we
examined whether development of postural sway control was influenced by gender and body
mass index (BMI). 50 children between the ages of 7-12 years (19 females), 39 children between
the ages of 13-17 (17 females) and 70 young adults between the ages of 18-24 years (30 females)
volunteered to participate in the study. The Balance Tracking System (BTrackS, San Diego, CA)
force plate was used to assess the postural sway during quiet standing for all trial. Testing
consisted of 3 trials of quiet standing with eyes closed with feet shoulder width apart and hands
on the hips. Each trial lasted 20 seconds during which the total center of pressure (COP) sway,
COP antero-posterior sway, COP medio-lateral sway path-lengths were calculated. A principle
component analysis was used to calculate the 95 and 99% confidence intervals of the area within
which the COP would lie. Overall, Children from 7-12 years of age exhibited greater postural



sway when compared with 13-17 year olds and young adults. However, 13-17 year old children
exhibited similar postural sway characteristics to those of young adults. There were no
differences in postural sway between males and females irrespective of the age and BMI. As
expected the BMI increased significantly with age, but only accounted for ~ 18% of the
variability in total COP sway path-length. Our tests relied heavily on vestibular and
proprioceptive integration as they were performed only with eyes-closed. Therefore, our findings
are indicative of an inefficient multisensory integration in children up to the age of 12 years. Our
findings support and extend previous findings suggesting that children do not exhibit adult-like
sensory integration prior to the age of 12 years.
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Abstract: Cerebral palsy (CP) is the leading cause of childhood motor disability. Although brain
lesions in CP are not progressive, children with CP continue to experience the motor difficulties
caused by the secondary impairments, such as spasticity, muscle weakness, reduced selective
motor control and sensory deficits. Furthermore, although sensory function plays an important
role in functional activities, sensory deficit has not been well studied in the children with CP.
The objectives of this study were to 1) investigate proprioception deficit at the ankle in CP; 2)
improvement in proprioception through robotic ankle stretching and active movement training.
Seven children with CP participated in the combined passive stretching and active movement
training using an ankle rehabilitation robot. Eight healthy children were recruited for one-time
assessment of ankle proprioception. Children with CP received robotic training 45
minutes/session, 3 sessions/week for a total of 18 sessions. Each session consisted of 10 min
intelligent stretching followed by 20 min active movement training and ended with 10 min
stretching. Proprioception was measured as the plantar or dorsi-flexion movement (at 0.5°/sec



controlled by the ankle rehabilitation robot) when the children felt the movement. The evaluation
was done at two time points: pre-treatment and post-treatment. First, children with CP had
impaired proprioception. Their ankle proprioception acuity was 3.90+2.40° (mean+SD) in
dorsiflexion and from 3.96+2.46° in plantar flexion, as compared to that of the healthy controls’
0.94+0.43° in dorsiflexion (p<0.01) and 0.86+0.48° in plantar flexion (p<0.01). Furthermore,
children with CP sometimes detected the movement in wrong direction. For children with CP
gone through multiple sessions of the robot-guided therapy, the results showed an ankle sensory
improvement after the robotic training. The proprioception angle threshold reduced from
3.904+2.40° to 3.28+2.15° in dorsiflexion (p=0.01) and from 3.96+2.46° to 2.724+2.05° in plantar
flexion (p=0.18). Result suggests ankle proprioception deficit in CP. Furthermore, the use of
robotic training for CP children reduced the ankle sensory deficit, suggesting sensory impairment
in CP can be improved through controlled stretching and active movement training.
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Abstract: Spontaneous muscle twitches during active sleep drive robust neural responses in the
developing brain that are thought to be critical for the development of sensorimotor systems. The
cerebellum is one structure that likely serves as a comparator of sensory and motor signals. In



rats, the cerebellar circuit undergoes extensive postnatal reorganization, with many transient
synapses appearing and disappearing over the first few postnatal weeks. Recent work from our
lab has shown that twitching drives activity in the cerebellar cortex during this period. However,
little is known about twitch-related activity in the deep cerebellar nuclei, the primary output of
the cerebellum. In this study, we recorded multiunit activity and local field potentials from the
anterior interpositus and dentate nuclei of unanesthetized, headfixed 8- and 12-day-old rats as
they cycled between sleep and wake. Forelimb, hindlimb, and nuchal EMGs were also recorded
and an experimenter simultaneously scored behavior. The majority of neurons from both the
interpositus and the dentate showed increased activity approximately 70 ms after twitches of the
forelimb or hindlimb. Additionally, we observed rhythmic unit firing at both ages at a frequency
of 8-10 Hz. Finally, at 12 days of age some cells exhibited a slow activity rhythm of 3-5 Hz that
occurred during behavioral quiescence. Together with recent findings of twitch-related activity in
other associated structures_including the red nucleus and inferior olive these results provide
further support for the hypothesis that twitching, as a substantial contributor to neural activity in
the infant brain, promotes plasticity and somatotopy in the developing sensorimotor system.
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Abstract: The inferior olivary nucleus (IO) plays an important role in modulating motor activity
in mammalian species, including rats. Located within the brainstem, climbing fibers from the 10
project to Purkinje cells in the cerebellar cortex where they trigger complex spikes. Various
functions for 10 activity have been proposed. For example, the 10 is thought to provide teaching
signals for the execution of skilled motor movements or error signals regarding inappropriately
performed movements. The applicability of such notions to the early expression of 10 activity is
not known. We have shown that during the first two postnatal weeks in rats, active (or REM)



sleep-related twitches trigger complex spikes, suggesting a role for twitching in activity-
dependent development of cerebellar Purkinje cells. Based on these findings, we hypothesized
that the IO would exhibit twitch-related activity. To test this hypothesis, we recorded
extracellular multiunit activity and local field potentials from the 10 of head-fixed
unanesthetized 8- and 12-day-old rats that were cycling normally between sleep and wake. 10
neurons exhibited phasic activity that was particularly pronounced immediately after twitches of
the nuchal and forelimb muscles. This twitch-related IO activity was remarkably precise and
pronounced, reaching a peak in firing rate within 0-10 ms after a twitch. Moreover, some 10
neurons exhibited rhythmic firing with a frequency of 8-10 Hz. Importantly, 10 neurons
exhibited little or no activity during wake movements or in response to exaffarent stimulation of
the limbs. Also, local field potentials exhibited a prominent 2-Hz rhythm primarily during
periods of quiescence, likely reflecting subthreshold oscillations of 1O neurons as has been
reported in adults. These findings confirm that twitch-related information is processed by the 10
during early infancy. Moreover, the timing of 10 activation suggests that this nucleus is receiving
a motor copy or corollary discharge signal, perhaps from the red nucleus that is known to
contribute to the production of twitches. Processing of this information by the IO during
development could play an important role in motor learning and sensorimotor integration.
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Abstract: Sensorimotor integration of self-generated movements and their associated sensory
feedback (i.e., reafference) is necessary for the early development of somatotopic maps and
coordinated motor skills. During infancy, self-generated movements are not restricted to periods
of wakefulness. On the contrary, sensory feedback from myoclonic twitching during active (or
REM) sleep is thought to drive activity-dependent development of the perinatal nervous system.



We hypothesized that the red nucleus (RN), source of the rubrospinal tract (RST), is not only a
major source of motor output for twitching early in development, but also processes twitch-
related reafference in a somatotopic fashion. We recorded extracellular neural activity in the RN
during sleep and wakefulness in 8- and 12-day-old unanesthetized rats. Neuronal activity in the
RN significantly increased before twitching of the contralateral forelimb, consistent with a role
of the RN in the production of twitches. In fact, unilateral inactivation of the RN using a cocktail
comprising GABAA, GABAB, and glycine receptor agonists markedly decreased twitching. In
addition, a subpopulation of neurons exhibited significant increases in activity after twitches,
suggesting reafferent sensory processing. Analysis of local field potentials and multiunit activity
in the RN revealed distinct state-dependent and age-related patterns of activity. Overall firing
rates increased substantially by the end of the second postnatal week as rhythmic activity
patterns emerged. These developmental changes in firing properties of RN neurons suggest the
emergence of new functional connections with other related structures, such as the deep
cerebellar nuclei. We propose that twitches, which are characterized by discrete motor output
and reafferent input, provide an opportunity for the activity-dependent development of
sensorimotor integration and somatotopy within the newborn RN and associated neural
networks.
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Authors: B. A. KARPINSKI', C. BRYAN'”, A. HORVATH", A. FERNANDEZ'”, J. L.
BAKER"’, T. M. MAYNARD'”, S. A. MOODY ', *A.-S. LA MANTIA'"”;

'Inst. for Neurosci., Dept. of Anat. & Regenerative Biol., *Dept. of Pharmacol. and Physiol.,
*McCormick Genomic and Proteomic Ctr., The George Washington Univ. Sch. of Med.,
Washington, DC; °Ctr. for the Advanced Study of Human Paleobiology, The George
Washington Univ., Washington, DC



Abstract: We assessed transcriptional, signaling, and cellular mechanisms that regulate initial
differentiation of placodal and neural crest-derived cranial sensory neurons. We asked whether
quantitative expression of 21 transcription factors associated with these cells defined an anterior-
posterior gradient of sensory neuron identity. With few exceptions we found that a mosaic of
transcription factors, rather than consistent gradients, identifies cranial sensory neurons or
precursors in the olfactory placode, trigeminal ganglion, geniculate/vestibular/acoustic ganglia,
otic placode, and petrosal/nodose ganglia. There is a similar quantitative mosaic of cell lineages
for placodal or neural crest-derived sensory neurons. Disrupting the activity of two signaling
pathways, via Fgfs or RA, believed to be essential determinants of cranial A-P identity modified
this transcriptional and cellular mosaic; however, these changes did not follow an A-P gradient.
Instead, expression levels of key factors and proportions of distinct lineage cohorts are locally
sensitive to diminished Fgf and RA signaling. The primary consequence of disrupting Fgf
signaling was to shift proportions of placodal and neural crest-derived populations and in parallel
arrest cranial sensory axon outgrowth. The primary consequence of disrupting RA signaling was
to alter axon trajectories of cranial sensory neurons. In each instance, local changes of
transcription factor expression accompanied locally distinct altered sensory axon growth.
Together our data show that there is not a graded transcriptional code in the A-P axis for cranial
sensory neuron differentiation. Instead, there is a transcriptional mosaic, locally modulated by
morphogenetic signals, that parallels lineage contributions from cranial placodes and neural
crest. This mosaic is associated with the developmental state of diverse cranial sensory neurons,
likely insuring appropriate axon growth and targeting.
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Abstract: We recently found that the area of the compound action potential (CAP) evoked in
sensory sural nerves (SU n.) of adult male rats that were total maternal deprived and artificial
reared (AR) was smaller than the CAP provoked in SU n. from mother reared (MR) and AR
social rats (reared with two same-age foster pups). In order to determinate at what age such
effects appears, during isolation, male pups rats of 4 postnatal days (PND) were reared
artificially (AR group) until 14 or 21 PND. At such ages, the electrophysiological properties of
the SU n. were recorded. As control groups, we recorded the CAP of SU n. from pups reared
with their mother (MR group), or that were AR but received five bouts of perineal+body tactile
stimulation a day (AR-Tactile group) with a paint brush. We found that the electrical threshold
necessary to generate the CAP of SU n. from AR pups at 14, but not at 21PND, was significant
higher than that determined for SU n. from MR pups (p<0.05, all comparisons). Furthermore, the
amplitude and area of the maximal CAP response provoked in SU n. from AR pups with 14 and
21PND were significant shorter than that of SU n. from MR pups (p<0.05, all comparisons). The
conduction velocity of the CAP was similar among groups. The replacement of the tactile stimuli
during isolation prevented most of the effects, i.e., the CAP evoked in SU n. from AR-Tactile
pups showed no significant differences with respect to that of MR nerves. These results suggest
that AR provokes disturbances in the electrophysiological properties of SU nerves at early stages
of postnatal development (14 and 21 PND) which can be prevented by perineal+body tactile
stimulation.
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Abstract: ATOHI, a basic helix-loop-helix (bHLH) transcription factor, is transiently expressed
in the dorsal-most part of the developing neural tube. Atohl-lineage neurons in the spinal cord
have been implicated in forming cerebellar-projecting neurons of the dorsal spinocerebellar tract
(DSCT); however, it is unknown precisely how they contribute to the DSCT. We find that
Atohl-lineage neurons reside outside Clarke’s column, a major contributor of neurons to the
DSCT. In addition, elimination of caudal Atohl-lineage neurons results in mice that are unable
to perform coordinated motor tasks. Altogether, our findings suggest that DSCT neurons derive
from more than one developmental source, which can be used to distinguish subsets of the
proprioceptive system.
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Abstract: Previously, our laboratory has examined the effects bilateral enucleations that occur at
extremely early stages of development, before the arrival of retinal ganglion cell axons to their
targets. Because opossums are altricial at birth, enucleations at very early stages of development
can be made ex utero, at postnatal day 4 (P4). We demonstrated that neurons in the caudal pole
of cortex (primary visual cortex in sighted animals) become responsive to somatosensory and
auditory stimuli following early visual loss. These results were corroborated by connectional
studies, indicating that large-scale changes in thalamocortical as well as cortico-cortical
connectivity were also observed for cortex that would normally develop into V1. Additionally,
we have shown that early loss of vision also affects the connectivity of the spared sensory
systems, with numerous exuberant cortical projections to primary somatosensory cortex (S1).



However, whether this very early visual loss alters thalamic projections to S1 has yet to be
determined. In these studies we utilized neuroanatomical tracing techniques to examine
thalamocortical connections of S1 in opossums that were bilaterally enucleated at P4, before
thalamocortical connections innervate the neocortex. Following injections of anatomical tracers
in S1, we quantified the proportion of labeled neurons in different, architectonically defined
nuclei of the thalamus. Unlike cortical connections of S1 in bilaterally enucleated opossums,
thalamic projections to S1 maintained the same modality-specific pattern of connectivity to S1 as
in normal animals. However, there were differences in the composition of thalamic projections to
S1 in enucleates, with fewer neurons (as a percent of the total number of labeled neurons in the
thalamus) originating from the ventral posterior nucleus, and a greater number originating from
both the posterior and ventral medial nuclei. These results suggest that while early enucleation
does not induce aberrant projections to S1 from nuclei traditionally associated with the visual
and auditory processing (e.g. MG, LGN), differences in the thalamic connectivity of S1 are still
present in these animals suggesting that cross-modal plasticity is restricted to cortico-cortical
connections of S1.
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Abstract: PR homology domain-containing member 12 (PRDM12) is a transcription factor
belonging to a conserved family implicated in cell fate decisions. PRDM12 plays an important
role in the development of the neural crest in several species and plays a potential role in
pathogenesis of chronic myeloid leukaemia in humans. PRDM12 is almost exclusively expressed
in the central and peripheral nervous system, however, very little is known of its downstream
targets or the potential role it might play in neuronal cell fate decisions and functions. We found



that PRDM12 is a key regulator of sensory neuronal specification in Xenopus. Further, we
modeled PRDM 12 mutations that cause hereditary sensory and autonomic neuropathy (HSAN)
and show remarkable conservation of the mutated residues in evolution. Expression of wild-type
human PRDM12 in Xenopus induced the expression of sensory neuronal markers, which were
reduced using various disease-causing human PRDM12 mutants. In Drosophila, we identified
Hamlet as the functional PRDM12 homologue that controls nociceptive behavior in sensory
neurons. Furthermore, expression analysis of human patient fibroblasts with PRDM12 mutations
uncovered possible downstream target genes. Knockdown of several of these target genes
including thyrotropin-releasing hormone degrading enzyme (TRHDE) in Drosophila sensory
neurons resulted in altered cellular morphology and impaired nociception. These data show that
PRDM12 and its functional fly homologue Hamlet are evolutionary conserved master regulators
of sensory neuronal specification and play a critical role in pain perception. Our data also
uncover novel pathways in multiple species that regulate evolutionary conserved nociception. In
addition, we are investigating the role PRDM12 and its downstream targets plays in development
and sensory neuronal function in conditional mutant mouse models.
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Abstract: Evidence has accumulated that various kinds of acoustic exposures during the critical
period of development can have either a positive or negative impact on the morphology of the
central auditory system. In our previous study (Ouda et al., 2014), we demonstrated that early
postnatal short noise exposure (8 min, 125 dB, day 14) resulted in the remodeling of neuronal
trees in the central auditory system, comprising of a longer mean total length of neuronal trees in
the inferior colliculus (IC) and medial geniculate body (MGB), a shorter mean total length of



apical dendrites in pyramidal cortical neurons of the auditory cortex (AC), and a higher
numerical density of spines on branches of the pyramidal AC neurons. In the present study, we
analyzed, using the Golgi-Cox method, the morphology of neurons in the IC and AC of 4-month-
old Long-Evans rats exposed to an acoustically enriched environment (AEE) during the third and
fourth weeks of life. In AEE exposed rats, the mean total length of the neuronal tree was found to
be greater than in control animals in the external cortex and the central nucleus of the IC. In the
AC, the mean total length of the basal dendritic segments of pyramidal neurons was significantly
longer in AEE exposed rats, however, only slight differences with respect to controls were
observed in the length of apical dendrites of pyramidal cells. These findings demonstrate that
early AEE exposure can induce permanent changes in the development of neurons in the central
auditory system, which apparently represent morphological correlates of functional plasticity.
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Abstract: The cerebellum, which exhibits protracted postnatal development, is important for
sensorimotor integration. Previous studies in infant rats have shown that sensory feedback from
myoclonic twitches, which occur exclusively during active (or REM) sleep, is a substantial
driver of Purkinje cell activity. To further examine the contributions of proprioceptive feedback
to twitch-related cerebellar activity and assess its role in cerebellar development, we investigated
the neurophysiology, anatomy, and behavior of ErbB2 conditional knockout mice which fail to
develop functional muscle spindles_over the first two postnatal weeks. Because both climbing
fibers and mossy fibers convey proprioceptive information to Purkinje cells, we hypothesized
that knockout mice would exhibit fewer complex and simple spikes than wild-type mice. We
further hypothesized that knockout mice would exhibit twitch-dependent Purkinje cell activity.
Next, we assessed climbing fiber innervation of Purkinje cells as evidenced by the distribution of
the vesicular glutamate 2 transporter (VGLUT?2). Finally, we tested knockout and wild-type mice



on a cerebellar-dependent balance beam task. At 8 days of age, knockout mice exhibited reduced
Purkinje cell activity, weaker twitch-related neural activity, and altered neural rhythmicity.
VGLUT?2 labeling differed between knockouts and wild types with respect to translocation of
climbing fibers as well as distribution of vesicles across the Purkinje cell and molecular layers.
At 15 days of age, knockout mice exhibited pronounced deficits on the balance beam task; at
narrow widths, footslips increased significantly and latencies to traverse the beam increased.
Taken together, these results support the hypothesis that proprioceptive input from muscle
spindles contributes substantially to the functional and anatomical development of the
cerebellum.
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Abstract: Spontaneous activity is a common feature of developing sensory systems. In the visual
system, waves of spontaneous activity generated in the retina propagate to the thalamus and
cortex before the retina is visually responsive. This patterned spontaneous activity helps to define
neuronal pathways in the ascending visual system. In the developing auditory system, bursts of
activity initiated within the cochlea before hearing onset may play a similar role in refining
auditory system neural circuits. However, relatively little is known about the spatial and
temporal patterns of this spontaneous activity in the ascending mammalian auditory system, and
its role in development remains to be defined. To examine developmental changes in this
sensory-independent activity and determine the mechanisms responsible, we imaged global
changes in neuronal activity in the developing inferior colliculus (IC) and auditory cortex (A1) in
awake neonatal mice using genetically encoded calcium indicators (GECIs). The IC plays a
central role in the ascending auditory system, receiving input from auditory brainstem nuclei and
relaying this activity to the MGN and eventually A1. We observed bands of activity in neonatal
IC that were highly correlated between hemispheres and with activity in the ipsilateral auditory



cortex. These activity bands were stationary (they did not propagate across the IC), their
orientation was consistent with tonotopic bands previously observed using anatomic and
functional (electrophysiological) techniques, and they depend on input from the cochlea.
Spontaneous bands of activity become more frequent, more refined, and of shorter duration as
animals aged. By examining the source of this spontaneous activity and changes in its spatial and
temporal properties during development, we hope to understand the role this early activity plays
in preparing the auditory system for the onset of hearing.
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Title: Anatomical study of transient commissural projections between the vestibular ganglia in
neonatal opossums (Monodelphis domestica)
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Abstract: The opossum is born in a very immature state. It nevertheless has to crawl, unaided by
the mother, from the urogenital opening to a nipple where it attaches to pursue its development.
Sensory information must guide the newborn to a nipple and trigger its attachment to it. In a
previous study, the possible involvement of the vestibular system, which acts on spinal motor
networks in response to gravitational cues, was investigated by anatomical tracing. This study
showed the existence of vestibular afferents to the utricle and to the vestibular complex of the
brainstem as well as of vestibulospinal projections in the newborn opossums. An unexpected
finding was the presence of vestibular afferents crossing to the contralateral vestibular ganglion.
To investigate the development of these projections, Texas Red conjugated Dextran-Amine
crystals were placed in a longitudinal section in the brainstem midline, from the level of the
trigeminal ganglia to the level of the obex, in in vitro preparations of the head taken from
opossums aged postnatal day 5 (P5) to P15. A 4.5 h period was allowed for transport of the
tracer, in the dark. The tissue was then fixed, cryosectioned and the slides were observed under a
fluorescence microscope. Labeling of cells and nerve fibers was abundant in the brainstem at all
ages studied. More specifically, labeled cells in the vestibular ganglion and labeled fibers which



entered or exited the ganglion were observed, bilaterally. To examine the temporal evolution of
this commissural projection, the labeled cells in the vestibular ganglia were counted. The number
of labelled cells per ganglion increased from about 16 at P5 to a maximum of around 43 at P11,
and then decreased to around 7 by P15, the oldest age available. These results confirm the
existence of commissural projections between the left and right vestibular ganglia in early
postnatal opossums and show their subsequent decrease by the end of the second postnatal week.
The period of increase of the commissural vestibular projections corresponds to a period just
before neurons in the vestibular nuclei start to express c-Fos, a marker of neuronal activity, in
response to vestibular stimulation. This raises the question of a link between the vestibular
ganglia commissural projections and vestibular function in neonatal opossums. We must further
investigate if commissural projections are functional and if they totally disappear past P15.
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Title: Alcohol-sensitive period during early octavolateral organ development in Zebrafish
(Danio rerio)
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Abstract: It is well known that fetal alcohol exposure can cause Fetal Alcohol Spectrum
Disorders (FASD), a completely preventable developmental disability that is characterized by
permanent birth defects. However, it is unclear whether or not there is a specific time window
during gestation that fetuses are most sensitive to alcohol exposure. In this study, we used the
zebrafish (Danio rerio) as a model to determine the alcohol-sensitive period in the first 24 hours
post fertilization (hpf). Zebrafish’s octavolateral organs, including inner ears and lateral line
neuromasts, function in hearing, balance, and hydrodynamic detection, respectively. SeqET4
zebrafish that express green fluorescent protein in all sensory hair cells were treated in 2%
alcohol for 5-hour time windows from 2-7, 7-12, 12-17, and 17-22 hpf. Octavolateral organs of



control and alcohol-exposed larvae were morphologically examined at 3, 5, and 7 days post
fertilization (dpf). Using confocal and light microscopy, we found all alcohol-exposed larvae had
significantly smaller otic vesicles and saccular otoliths at 3 dpf. Only alcohol-exposed larvae
from 12-17 hpf had smaller otic vesicles at 5 dpf and smaller saccular otoliths at 7 dpf. Number
of saccular hair cells, number of neuromasts, and hair cells per neuromast were also decreased
only for alcohol-exposed larvae from 12-17 hpf. Auditory function was also assessed at 3 dpf by
inner ear recordings of extracellular microphonic potential responses to 200-Hz stimulation.
Hearing sensitivity was significantly diminished only for larvae exposed to alcohol from 7-12
and 12-17 hpf. To determine if fewer hours of alcohol exposure between 12-17 hpf also caused
detrimental defects of octavolateral organ morphology and function, embryos were alcohol-
exposed from 12-14 and 14-17 hpf. Significantly smaller otic vesicles and saccular otoliths were
observed after 2 and 3 hours of alcohol exposure, similar to all 5-hour alcohol-exposed larvae.
Fewer number of neuromasts were also found at 3 dpf, similar to larvae alcohol-treated from 12-
17 hpf. Saccular otoliths were also smaller at 5 dpf for 2-hour alcohol-exposed larvae. Although,
neither number of hair cells per neuromasts nor hearing sensitivity was significantly affected for
larvae alcohol-treated for 2 or 3 hours. Our results show that 12-17 hpf is an alcohol-sensitive
time window when morphology and function of octavolateral organs in zebrafish are most
vulnerable to embryonic alcohol exposure. This study demonstrates that precise timing of
maternal alcohol consumption during fetal development can cause specific FASD symptoms,
such as hearing deficits.
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Abstract: Background Critical periods have been studied almost exclusively in the primary
sensory pathways, including auditory cortex (Mowery et al. 2014). However, deprived animals
often display behavioral deficits that are not solely attributable to sensory processing. Here,
using a cortico-striatal brain slice preparation, we explored whether transient hearing loss affects
synaptic inhibition recorded from regions of adult striatum that receives input from auditory
cortex (ACx) . Methods Whole-cell voltage-clamp recordings were obtained from ACx-recipient



putative medium spiny neurons (MSN) in cortico-striatal brain slices from gerbils (Meriones
unguiculatus) that experienced transient mild hearing loss. Earplugs were inserted bilaterally on
postnatal day (P) 11 and removed on P35; thus the animals experienced hearing from P35 until
the day of recording (P86). MSNs from earplugged animals (n=12) were compared to those
recorded from age-matched controls (n= 15). Results In transiently earplugged animals,
spontaneous postsynaptic inhibitory current (sIPSC) was significantly smaller [mean = SEM:
control; -25.1 &+ 3.6 pA vs. transient earplug: -12.7 + 1.0 pA; p <.05). The sIPSC time constant
was also significantly longer [control: 22.2 + 2.7 ms vs. transient earplug: 30.1 £3.3 ms, p <
.05). Finally, the sIPSC rate was significantly lower [control: 15.2 + 2.7 Hz vs. transient earplug
3.77 £ 1.3 Hz, p < .01]. Conclusion: These results suggest that the striatum, a major non-sensory
region downstream from sensory cortex, is sensitive to a brief period of acoustic deprivation.
Furthermore, these effects persisted until adulthood, and this has implications concerning
recovery from hearing loss in children.
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Abstract: Approximately 400,000 human infants are admitted to the neonatal intensive care unit
in the United States every year, and undergo 10-20 or more medically essential but potentially
painful procedures each day, often without analgesics. We know that the number of painful
procedures in the human neonate is related to poorer outcomes but not how these painful
procedures change brain function. Thus we have virtually no detailed understanding of the
mechanisms by which the brain is engaged during pain early in life. Based on similarities in
brain development between rat and human neonates, the goal of this study was to use MEMRI to
map brain circuits that are activated following peripheral tissue injury in infant rats, at an age



roughly equivalent to that of a human neonate. To characterize this circuitry, 12-day old rat pups
were systemically injected with manganese chloride (75 mg/kg), a calcium analog able to pass
through the blood brain barrier at this stage in development. Twenty-four hours later, half of the
pups (n=19) were treated with formalin injected into the hindpaw and half were not (n=19). This
injury model engages supraspinal pathways and has been used extensively in both developmental
and adult studies as a model of inflammatory pain. To allow activation of multiple structures,
pups survived for 7 hours prior to perfusion and brains were imaged for 8-10 hours ex vivo. T1
weighted 3D spin echo images were used to visualize the Mn uptake in the brain (Bruker
Biospin). Images were normalized and smoothed to a previously established group template
space (Advanced Normalization Tools) and intensity normalized to the visual cortex, a region
unlikely to be affected by pain stimuli. Two methods of analysis were implemented to elucidate
the pain circuits. Voxel and region-wise morphometric analysis showed statistically significant
differences in several brain regions between the control and formalin-treated groups (p < 0.001,
uncorrected for multiple comparisons). Using structural equation modeling (SEM) of
anatomically defined circuits, and iterative addition and subtraction of anatomical components
known to be involved in pain processing, two possible models that accounted for the maximum
variance (comparative fit index, CRI > 0.90 and standardized root mean square residual, SRMR
< 0.08) were identified. In these models the formalin-treated group exhibited a significant fit to
the SEM, whereas the control group did not, suggesting that these pathways are involved in the
pain perception circuitry, as activated by the formalin stimulus. These findings suggest that as
young as 12 days of age, a painful injury activates both the sensory and affective components of
pain.
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Abstract: The auditory perceptual abilities of newborn human infants develop rapidly as they
are exposed to a rich acoustic environment that includes spoken language, but little is known
about how the cortical auditory system - the substrate of these abilities - changes during this time
of critical development. Functional neuroimaging studies have shown that it possible to measure
brain responses to sounds in neonates and very young infants, but there have been no controlled
studies to investigate what aspect of sounds auditory cortex (AC) is sensitive to, and there are no
studies that examine how sensitivity to complex auditory features changes with age. In this
study, we used functional magnetic resonance imaging (fMRI) to measure brain responses
evoked by rich and naturalistic sounds at two time points during the first 12 months. 3-month
(N=9) and 9-month old (N=11) infants, and adult control subjects (N=16), were scanned in two 8
minute blocks while listening to a series of lullabies. Vocal recordings were re-synthesized to
create stimulus classes that varied in high-level auditory features (high vs. low phonemic
content, and more vs. less human sounding), and importantly, were matched in basic acoustic
properties (pitch, amplitude envelope, and frequency spectrum). Infants were a mixed group of
term-born healthy infants (N=3 and N=4, 3- and 9-month olds) and NICU graduates. Univariate
fMRI analysis showed reliable sound-evoked activity in AC in 3- and 9-month old subjects, but
only adult AC was sensitive to the different classes of sounds. Inter-subject correlation (ISC) was
used to measure the degree to which individuals within a group showed a similar response when
listening to the same songs; unlike block-averaged comparisons between conditions, ISC can
detect modulations of brain activity during stimulus presentation, and is therefore sensitive to
differences in responses between individual songs, or even between different parts of the same
song. We found that 3-month old listeners had significantly correlated responses in bilateral AC,
cerebellum, and the supplementary motor area. Importantly, ISCs persisted when the neural
responses were adjusted to control for the simple response to the presence of sound. This shows
that at three months of age, AC is sensitive to the differences in features between sounds.
Interestingly, no such inter-subject correlations were found at 9-months of age, despite the
presence of auditory-evoked activity, which might reflect different feature sensitivity, attention,
or developmental trajectories between individuals.
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Title: Long and short term effects of the mother's presence during noxious stimulation in the
infant rat

Authors: *G. A. BARR', R. PERRY?, R. M. SULLIVAN?;
' Anesthesiol. and CCM, Children's Hosp. of Philadelphia, Philadelphia, PA; *Dept. of Child and
Adolescent Psychiatry, New York Univ. Langone Med. Ctr., New York, NY

Abstract: Modern medical treatment allows very low birth weight premature infants to survive
and hundreds of thousands of newborn infants are admitted to the neonatal intensive care unit in
the United States yearly. Each infant is subjected to up to 10-20 daily medically essential painful
procedures with analgesia used in fewer than half of these procedures. Increasingly, non-
pharmacologic interventions are being utilized, where the caregiver provides physical comfort
during procedures to reduce pain and stress, including kangaroo care and facilitated tucking.
Although effective in reducing pain in these infants, limited clinical and basic science data
suggest these well-intentioned interventions likely have long term consequences. As non-
pharmacologic treatments continue to be implemented, it is important to understand the long
term effects of caregiver comfort during painful procedures early in life. To test the long-term
effects of maternal comfort on adult pain responses, we presented mild electric shocks (0.5mA)
over a 45 minute period daily to the hindquarters of rat pups aged PN5-9 or PN10-14 with or
without the mother present. We included a no-shock, no-mom control group. PN5-9 includes the
pain sensitive period when infant inflammatory injury has long term effects on adult pain
responses and the infant attachment period when pups learn preferences to odors associated with
the shock. PN10-14 is outside the pain sensitive period and includes the attachment transitional
period when pups learn aversions to odors paired with the shock if tested without their mother
but preferences if tested with the mother. At both ages, escape behavior to the shock and
ultrasonic vocalizations were reduced when the mother was present. Pups grew up and were
regularly handled to reduce stress. At 50-60 days of age, adults were tested in the plantar thermal
test for baseline latencies and on the next day, one hour following carrageenan inflammation of
the hindpaw. There was a slight but statistically significant elevated withdrawal threshold (longer
latency) in the adults who experienced pain with the mother present at PN10-14 compared to
shock without the mother or the no-shock controls. There were no differences in the PN5-9
group. Following inflammation, withdrawal latencies were reduced in all groups at both ages and
there was a significant decrease in the hyperalgesia induced by carrageenan in pups shocked with
the mother at PN5-9 compared to the two other groups. No differences were found in the PN10-
14 in the carrageenan test. The results show short and long-term reductions in inflammatory pain
by the mother’s presence that is age specific during a painful experience.
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Abstract: A key step in the development of neural circuits is formation of synaptic connections
with restricted subsets of neurons such that circuits with behaviorally appropriate output are
produced. Synaptogenesis between primary afferents of the somatosensory system and neuronal
targets in the spinal cord provides an attractive model system for such studies. Analysis of
synaptic connections made by muscle spindle afferents on defined interneuron populations in the
deep ventral horn may be particularly instructive. Among the interneurons in the ventral horn,
two classes of inhibitory neurons, la inhibitory interneurons (IaINs) and Renshaw cells (RCs)
have been reasonably well described in terms of morphology and function. Glycinergic IaINs
mediate reciprocal inhibition whereby activation of muscle spindle afferents in a given muscle,
an extensor muscle, for example, leads to inhibition of motor neurons that antagonize movement
at the same joint (i.e. flexor muscles). RCs are primarily driven by motor axon collaterals and
mediate recurrent inhibition. While monosynaptic connections between muscle spindle afferents
and IaINs have long been demonstrated, monosynaptic connections between afferents and RCs
have only recently been described in postnatal animals. To date, no studies have analyzed the
selectivity of afferent connections with [aINs or RCs during development. Therefore, we mapped
the connections of afferents of the quadriceps (Q; knee extensor) and obturator (Obt; supplying
adductor muscles) nerves onto immunohistochemically defined IaINs and RCs, using retrograde
tracing with fluorescent dextrans in an isolated spinal cord/muscle nerve preparation from
neonatal mice (PO/P1). The percentage of identified interneurons in lumbar segments 3 and 4
contacted by either or both muscle afferent sources were quantified by analysis of high-
magnification confocal image stacks. Similar percentages of IaINs received contacts from either
Q (34 £ 4%; n = 3 animals) or Obt (36 + 4%) afferents. A significant portion of IaINs, however,
received converging contacts from both afferent sources (30 + 5%). We observed half of RCs (56
+ 5%; n = 5 animals) do not receive contacts from Q or Obt afferents at this early stage. Among
RCs contacted by Q or Obt afferents in these animals, 45 + 2% received contacts from only Obt



afferents, while only 28 + 3% were exclusively contacted by Q afferents. The remaining 26 + 3%
of RCs received convergent contacts from both muscle afferent sources. These results reveal a
previously unappreciated degree of convergence of sensory input from disparate afferent
populations on spinal interneurons in early postnatal animals.
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Abstract: The axon initial segment (AIS) is a specialised neuronal compartment involved in the
maintenance of axo-dendritic polarity and in the generation of action potentials. The AIS has
also been shown to be a novel site for neuronal plasticity, as changes in ongoing activity levels in
vitro and in vivo result in significant alterations in the structure's position or size thus regulating
a cell’s intrinsic excitability. However, all findings so far have been based on experiments
carried out on mammalian fixed samples that offer only a snapshot view of this newly described
plasticity mechanism. This approach is limited as it always compares and contrasts findings of
AIS plasticity based on group averages and it doesn’t allow us to follow individual cell
dynamics. We are aiming to address this significant gap in knowledge and pursue the first AIS
live imaging experiments making use of the zebrafish larvae for in vivo imaging, pioneering
research at a time when there is almost nothing known regarding the AIS in this animal model.
We have started by developing techniques to visualise the AIS in both fixed samples and live
zebrafish. At the moment we have established protocols to confirm and describe AIS
morphologies in zebrafish wholemount fixed tissue in retinal ganglion cells, tectal and cerebellar
neurons. In parallel we have created and are now in the process of testing several zebrafish
specific fluorescently tagged AIS live-imaging constructs. To further probe AIS function in vivo
we have made use of the TALEN genome editing system to generate both a mutant Ankyrin-G
knockout zebrafish line and a transgenic Ankyrin-G:EGFP insertion line. Using our newly
developed tools we will fully exploit the power of this model organism to watch the AIS develop



and adapt, live and in vivo focusing on retinal ganglion cells during controlled manipulations of
sensory experience.
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Abstract: Neuronal positioning defects are found in the dorsal horn of the spinal cord in the
absence of Reelin, the two lipoprotein Reelin receptors (V1dlr and ApoER?2), or the intracellular
adaptor protein Disabled-1 (Dab1). These mispositioned neurons cause distinct sensory
abnormalities: thermal (heat) hyperalgesia and a reduction in mechanical sensitivity. In this study
we used mice with the /acZ reporter gene inserted into the dab! locus to identify correctly
positioned Dab1 neurons in heterozygous (dab"“““") mice and mispositioned neurons in mutant
(dab1"““"%)y mice. Initially we used sensory testing and cFos expression to verify that dab1“"*
mice replicate the sensory behavior of the dabl™" mice and dab1"““"** mice display the same
nociceptive abnormalities as other Reelin-signaling pathway mutants. To identify the Dab]1-
labeled cells in laminae I-II (superficial dorsal horn), lateral lamina V, and the lateral spinal
nucleus (LSN) in the lumbar enlargement, we combined B-galactosidase histochemistry with
immunofluorescence. In the superficial dorsal horn, Dab]1 rarely or never co-localizes with
GAD67, Calbindin, Calretinin, or PKCgamma. However, about 70% of these Dab1-positive
neurons co-express Lmx1b, a transcription factor that marks excitatory glutamatergic neurons in
the dorsal horn. Many Dab1 cells in lateral lamina V and the LSN also co-localize with Lmx1b.
The Dab1-Lmx1b neurons in the superficial dorsal horn appear subtly mispositioned, whereas
those in lateral lamina V and LSN have extensive positioning errors. We then asked if neurons in
the combined lateral cervical nucleus (LCN) and LSN, an area in high cervical segments that
relays pain information from the spinal cord to the brainstem and thalamus, sustain positioning
errors in Reelin-signaling pathway mutants. On average, there were 50% more neurons in
dab1"™" than dab1“““"*“LCN/LSN. Taken together, these results suggest that migratory errors of



Dabl-expressing neurons in lumbar dorsal horn and the high cervical LCN/LSN likely contribute
to the nociceptive defects found in Reelin-signaling pathway mutants.
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Abstract: The mammalian olfactory epithelium (OE) and neighboring respiratory epithelium
(RE) both possess a remarkable capacity for repair and regeneration in response to injury. This
regeneration is made possible in part through the action of two resident stem cell populations that
closely resemble each other but are fated to give rise to different types of cell and exhibit
different levels of activity. In the RE, these basal cells will give rise to ciliated columnar
epithelium and mucous-producing goblet cells and are active and proliferative under normal
physiological conditions. In the OE, the most basal stem cells are termed horizontal basal cells
(HBCs) and will give rise to the olfactory sensory neurons and supporting sustentacular cells, but
remain quiescent until activated by severe tissue injury. This project seeks to understand the
differences in activity and plasticity between these two histologically and morphologically
similar stem cell populations with an emphasis on what gives HBCs their unique neurogenic
potential. To approach this question we utilize transgenic mice, a novel xeno-free in vitro

system, an olfactotoxic lesion system and transplantation studies. We have identified the first
unique histological marker that is expressed differentially between the two stem cell populations.
Our in vivo and in vitro results indicate that this marker is functionally important in defining their
relative plasticity and may be regulated by the physiological microenvironment. By exploring the
differences between these two stem cell populations we hope to gain a better understanding of
the nature of the regulation of tissue stem cell plasticity and potency.
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Abstract: Mature olfactory sensory neurons (OSNs) express olfactory receptors (ORs) in
specific zones along the dorsal/ventral axis of the olfactory epithelium (OE). In addition to the
spatial patterning of OR expression, dorsomedial OSNs express the enzyme NQO1 exclusively
while ventrolateral OSNs express the mammalian homologue of fasciclin II (mamFaslI, or
OCAM) exclusively; the dorsomedial and ventrolateral territories are sharply bounded and
strictly complementary. During the reconstitution of the neuronal population following injury,
the spatial patterning of OR expression is restored as is the boundary and complementarity
between NQO1 and mamFasIl/OCAM expression. The re-emergence of spatial organization
across the OE may reflect positional “memory” in the spared, residual stem cells, or,
alternatively, cues from surrounding tissues that do not suffer direct injury. As a test of these two
alternatives, we tested whether neurons derived from transplanted stem/progenitor cells would
retain the markers (OCAM/NQO1) and receptors (ORs) that characterize the region from which
they were harvested, or adopt the phenotype of neurons that typify where they engrafted.
Specifically, progenitors were harvested from both the dorsal and ventral OE of CAG-TdTomato
transgenic mice and transplanted separately into regenerating epithelium of host male mice that
had been exposed to the selective olfactotoxin methyl bromide the previous day. After
recovering for three weeks, which provides adequate time for OSN regeneration, the OE was
harvested. Immunohistochemical analysis indicated that progenitors transplanted from dorsal OE
that engraft in ventral OE give rise to neurons that much more often express the ventral marker
OCAM/mamPFaslI than the dorsal marker NQO1; 81% of all neurons that are born following
dorsal into ventral transplant assume a ventral identity (n = 3 transplants; 1473 OSNs). Likewise,
OR expression was determined by single cell RT-PCR on transplant-derived neurons isolated by
FACS, and the spatial distribution of the harvested OR was assayed by in situ hybridization; 75%
of the transplant-derived neurons express a ventrally located OR (n = 2 transplants; 4 neurons).
These data suggest that most transplant-derived OSNSs are instructed by cues that derive from the
local environment rather than a memory of place. These data also raise the question as to why a



significant proportion of the OSNs do not demonstrate this plasticity. Follow-up studies will
assess if stem cells at later stages of neuronal commitment are less spatially plastic during
transplantation experiments.
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Abstract: Thousands of people each year suffer from peripheral nerve injury. Treatment options
are limited, and recovery is often incomplete. Treadmill exercise can enhance nerve
regeneration; however, this appears to occur in a sex-dependent manner. Females respond best to
short duration, high speed interval training; whereas, males respond best to slower, continuous
training. Previous studies have shown a role for testosterone in this exercise-mediated
enhancement, but the role of estrogen is unknown. To evaluate the role of estrogen signaling in
treadmill exercise, we treated male and female wild type mice with an estrogen receptor
antagonist, ICI 182,780 during exercise. The right common fibular branch of the sciatic nerve
was cut and repaired with fibrin glue. Estrogen-filled or blank capsules were implanted
subcutaneously at the time of nerve transection. Starting three days post-transection, exercised
mice received treadmill training using the paradigm appropriate to their sex 5 days a week for 2
weeks. Fourteen days after the initial sciatic nerve transection, motoneurons whose axons had
regenerated at least 1500 um distal to the original cut sites were labeled with a retrograde tracer.
Regeneration was quantified by counting the number of fluorescent labeled motoneurons in the
lumbar region of the spinal cord. Both treadmill training and estrogen administration increased
the number of motoneurons participating in axon regeneration, but this effect was blocked by
estrogen receptor antagonist treatment. Estrogen signaling is important for the enhancing effects
of treadmill exercise on motoneuron participation after peripheral nerve cut.



Disclosures: J.C. Wilhelm: None. P.A. Copley: None. M.C. Acosta: None. J.R. Harrell:
None.

Poster

291. Peripheral Nervous System Regeneration

Location: Hall A

Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 291.04/A42

Topic: A.07. Transplantation and Regeneration

Title: Neuropeptide Y induces hematopoietic stem cell mobilization and improves bone loss

Authors: *H. JIN', N. KIM', M. PARK?, J.-S. BAE*;
*Sch. of Med., 'Kyungpook Natl. Univ., Daegu, Korea, Republic of

Abstract: Hematopoietic stem cell (HSC) mobilization is an essential homeostatic process
regulated by the interaction of cellular and molecular components in bone marrow niches. It has
been shown by others that neurotransmitters released from the sympathetic nervous system
regulate HSC egress from bone marrow to peripheral blood. In this study we investigate the
functional role of neuropeptide Y (NPY) on this process. NPY deficient mice had significantly
impaired HSC mobilization due to increased expression of HSC maintenance factors by
reduction of matrix metalloproteinase-9 (MMP-9) activity in bone marrow. Pharmacological or
endogenous elevation of NPY led to decrease of HSC maintenance factors expression by
activating MMP-9 in osteoblasts, resulting in HSC mobilization. Mice in which the Y1 receptor
was deleted in osteoblasts did not exhibit HSC mobilization by NPY. Furthermore, NPY
treatment in ovariectomized mice caused reduction of bone loss due to HSC mobilization. These
results suggest a new role of NPY on HSC mobilization, as well as the potential therapeutic
application of this neuropeptide for stem cell-based therapy.
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Abstract: During Wallerian degeneration (WD) in the injured peripheral nervous system (PNS),
immune cells play a critical role in creating a supportive environment for regrowing axons.
Dedifferentiated Schwann cells secrete cytokines and chemokines such as TNFa, IL-1a, IL-1p,
MCP-1 and MIP-1a that promote the recruitment of monocytes to the injured site. These
monocytes differentiate into macrophages and produce TNFa, IL-1a and IL-1f, which contribute
to further recruitment of hematogenous macrophages and the breakdown of myelin. Importantly,
these hematogenously derived macrophages phagocytose axonal and myelin debris that are
inhibitory to axon growth. The beneficial aspects of cytokines and immune cells are evident, but
a prolonged inflammatory response after injury has been implicated in the pathogenesis of
negative symptoms after peripheral nerve injury, specifically neuropathic pain, and therefore
must be carefully controlled to prevent damage and allow for subsequent regeneration. AlphaB-
crystallin (aBC) is a small heat shock protein that has been shown to have chaperone properties,
promote survival of various peripheral cells undergoing stress and, decrease inflammation.
Further, aBC is expressed in the PNS and we have previously shown its beneficial role in
peripheral nerve regeneration where mice null for the crystallin have thinner myelin sheaths,
decreased conduction velocity, and impaired motor and sensory functions. Due to the extensively
reported immunomodulatory role of aBC, we investigated whether the heat shock protein
influenced PNS regeneration by modulating the immune response during WD. The in vivo
cytokine profiles of TNFa, IL-1p, and IL-6 in the distal nerve segment of 1-28d post-crushed
WT and aBC-/- mice were found to be similar between the two groups. Further, the number of
CD45 and Ibal positive profiles was also not altered between WT and aBC-/- mice at 1-7 days
post-injury. To determine whether aBC can affect the level of cytokines secreted by
macrophages, we stimulated these cells in vitro with LPS in the presence or absence of
recombinant human aBC and evaluated the levels of IL-12p40, IL-1B, TNFa, IL-6 and IL-10.
We observed a decrease in levels of IL-12, IL-1, and TNFa and an augmentation of IL-10
secretion following treatment with aBC. In this study, we show for the first time that treating
macrophages with aBC can decrease the secretion of pro-inflammatory cytokines and increase
the secretion of anti-inflammatory cytokines in vitro. However, in the peripheral nerve crush
injury paradigm, aBC does not modulate the immune system to affect regeneration which
suggests specificity in the role of the crystallin after PNS injury.
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Abstract: The olfactory epithelium (OE) retains the capacity - remarkable for the nervous
system - to repair itself structurally and functionally after wholesale or piecemeal loss of
olfactory neurons. As such, the OE can regenerate olfactory sensory neurons (OSNs) and all
nonsensory cellular constituents, including sustentacular (Sus) cells, throughout adult life by
recruiting neurocompetent stem and progenitor cells, particularly in response to epithelial injury.
Thus, the OE is an attractive and powerful model for studying adult neurogenesis. Two types of
neurocompetent stem cells function within the OE: dormant horizontal basal cells (HBCs), a
reserve population, and constitutively active globose basal cells (GBCs). Our lab and others have
demonstrated that down-regulation of ANp63a, a member of the p53 family of transcription
factors, is necessary and sufficient to elicit HBC activation. However, the molecular signaling
events upstream of HBC activation remain poorly understood. RNA-seq analysis of purified
HBC:s following injury demonstrated that the Notch signaling pathway, an evolutionarily
conserved cell-cell signaling pathway, is a crucial regulator of HBC activation after injury.
Notch receptors and canonical Notch-dependent signaling targets were both down-regulated
following injury, which coincides with down-regulation of ANp63a mRNA. Genetic deletion of
Notchl in HBCs in vivo produces a decrease in ANp63a mRNA and increased activation to
multipotency as demonstrated by HBC lineage tracing, whereas conditional overexpression of
Notchl intracellular domain (which drives expression of Notch targets) leads to an increase in
ANp63a expression. Selective death of neurons following olfactory bulb ablation (OBX) causes
increased Notch receptor levels by qRT-PCR and immunohistochemistry but was not sufficient
to activate HBCs to multipotency. However, OBX in the setting of HBC-specific knockout of
Notchl does activate at least some HBCs to multipotency as shown by tracing the descendants of
the recombined HBCs. The resultant clones are similar in composition to those generated in
response to MeBr injury, wherein wholesale loss of neurons and Sus cells by MeBr injury results
in both decreased Notch signaling and arousal out of dormancy. Thus, Notchl is required to
maintain HBC quiescence in the setting of neuronal injury, suggesting that the undamaged Sus
cells play a significant role in maintaining HBC quiescence via Notch signaling. The current
results implicate the Notch signaling pathway as a potential target for manipulation in dormant
neuronal stem cell populations following injury. Supported by NIH grants RO1 DC002167 and
F30 DC013962



Disclosures: D.B. Herrick: None. J.E. Schwob: None.

Poster

291. Peripheral Nervous System Regeneration

Location: Hall A

Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 291.07/A45

Topic: A.07. Transplantation and Regeneration

Support: National Key Basic Research Program of China [2014CB542202]
863 Program [2012AA020502]

National Natural Science Foundation of China [81130080, 81171180, 81371389
and31200799]

the Priority Academic Program Development of Jiangsu Higher Education Institutions
(PAPD)
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Abstract: After peripheral nerve injury (PNS), the proximal nerve stump will spontaneously
regenerate due to the biological behaviors of Schwann cells, the principal glial cells in the PNS.
microRNAs (miRNAs), a class of approximately 22 nucleotide non-coding RNA molecules,
negatively regulate the expression of a wide variety of genes mainly through a direct interaction
with the 3’-untranslated regions (3°-UTRs) of their corresponding mRNA targets. Collagen triple
helix repeat containing protein 1 (Cthrc1) has been shown to be overexpressed in injured arteries
of rats, and Cthrcl increases cellular motility to repair the injury by promoting cell migration. In
this study, miR-9 was identified as an important functional regulator of Schwann cell migration
that was a crucial regenerative response of Schwann cells to nerve injury. In vitro, upregulated
expression of miR-9 inhibited Schwann cell migration, whereas silencing of miR-9 promoted
Schwann cell migration. Intriguingly, miR-9 exerted this regulative function by directly targeting
Cthrcl, which in turn inactivated downstream Racl GTPase. Racl inhibitor reduced the
promotive effects of anti-miR-9 on Schwann cell migration. /n vivo, high expression of miR-9
reduced Schwann cell migration within a regenerative nerve microenvironment. Collectively, our
results confirmed the role of miR-9 in regulating Schwann cell migration after nerve injury, thus
offering a new approach to peripheral nerve repair.
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Abstract: In mice, each set of olfactory receptor (OR)-defined olfactory sensory neurons
(OSNs) converge their axons and synapse within an average of 2 to 3 glomeruli per olfactory
bulb (OB). The maintenance of this map is crucial for normal olfactory function. Although the
robust regenerative capacity of the olfactory epithelium (OE)(including spatially-appropriate
restoration of OR-defined OSNs) is well-established following injury, evidence suggests that
glomerular targeting may be inaccurate and aberrant during reinnervation, thereby causing long-
lasting olfactory dysfunction. Thus, disorganization in the projection from the OE to the OB is
suggested in humans by the common complaints of phantosmia and parosmia during recovery
from head trauma and other epithelial insults. We have previously reported significant errors in
glomerular targeting after recovery from MeBr-induced epithelial injury using the P2-ITL mouse
line, which genetically labels P2 receptor-expressing OSNs (Holbrook et al., 2014). These
abnormalities include both incomplete and multiple innervation of glomeruli. In order to assess
the pervasiveness of errors in targeting after recovery from OE lesion, we compared axonal
targeting after regeneration vs. control in the additional receptor-tagged mouse lines M72-ITG
and I7-1TG as well as P2-ITL. We occluded one naris in mice (n = 3) from each of the three
transgenic lines during the 8-hour period of exposure to MeBr gas (175 ppm) to create unilateral
epithelial lesions. The nasal plug was removed at completion of exposure, and the mice survived
in their usual housing for eight weeks to allow for maximal recovery of the OE and reinnervation
of the OB. Coronal cryosections through the olfactory epithelium and OB were immuno-labeled
for beta-galactosidase (P2) or GFP (M72 and 17). Reconstructed mosaic images of the OB
sections were analyzed for glomerular targeting including number and completeness of
glomerular innervation by comparison with olfactory marker protein (OMP)-staining. Our
findings indicate a differential capacity for accurate reinnervation depending on the type of OSN
that is assessed. The types of targeting errors made by P2 OSNs were not observed to the same
degree as M72- or I7 OSNs. The explanation for the results may be due to differences in sensory
activation of the different types of OSNs within the laboratory environment. The results are
important in extending our understanding of the regenerative capacity of the olfactory system



beyond the OE recovery. In addition, our findings indicate the need to analyze multiple OSN
types to achieve a fuller sense of the outcome of the regenerative process.
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Abstract: As a consequence of aging, the human olfactory epithelium (OE), which forms a
continuous neuroepithelial sheet densely populated by olfactory sensory neurons (OSNs) at birth,
becomes interrupted by patches lacking neurons. The aneuronal holes are due either to 1)
metaplastic replacement by respiratory epithelium (RE) or 2) neurogenic exhaustion wherein the
epithelium consists solely of sustentacular cells and horizontal basal cells (HBCs) and is
completely lacking in OSNs and globose basal cells (GBCs). We have identified a transgenic
mouse model of enhanced OE aging due to accelerated neuronal turnover as a consequence of
which the OE undergoes similar pathological changes as in human OE. Accelerated turnover
occurs in the OF of a bigenic mouse line combining an OMP-tTA knock-in mutation (“Tet-Off”
tetracycline transactivator) and a TetO-DTA transgene (tet response element-diptheria toxin
subunit A). In the absence of Doxycycline, expression of DTA in mature, OMP (+) OSNs
abbreviates their lifespan and accelerates their death. Our immunohistochemical analysis
demonstrates that the epithelium initially responds by increasing both GBC proliferation and
neuron production. However, beginning around 2-4 months of age, neurogenesis declines, GBCs
disappear - including the subset of upstream stem cells characterized by the expression of Sox2
and Pax6, and the epithelium becomes progressively aneuronal. On the other hand, HBCs, a
population of neurocompetent stem cells that are held in reserve, express high levels of the
transcription factor p63, remain dormant, and do not contribute to the repopulation of the
epithelium. In addition, areas of the epithelium that were olfactory undergo respiratory
metaplasia, a finding that had only been triggered by severe epithelial injury in the past. These
areas are often associated with an increased infiltration by inflammatory cells. Analysis of the
olfactory bulb (OB), the central target of the OSNs, demonstrates a reduction in glomerular



innervation and a down-regulation of tyrosine hydroxylase in the dopaminergic periglomerular
neurons, consistent with their relative denervation. While some of these changes have been noted
following other experimental manipulations, epithelial pathology emerges in those models only
at a very advanced age. The accelerated aging of the OE in the current model will allow a more
in-depth analysis of the age-associated shifts in the GBC population that precede neurogenic
collapse and of the potential for ameliorating, preventing, or reversing the pathologies - both in
the OE and the OB - that accompany the march of time.
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Abstract: Previously, electrical stimulation of a denervated canine laryngeal muscle was shown
to promote reinnervation by original over foreign motoneurons. An implantable nerve
stimulation-EMG system was used to index the appropriateness of reinnervation of the vocal fold
abductor (posterior cricoarytenoid, PCA) muscle by inspiratory versus foreign reflex glottis
closure (RGC) motoneurons following recurrent laryngeal nerve section and repair. In the
present study in ten canines, a clinical model was used, where both nerves were sectioned and
ventilation compromised due to loss of abduction. The EMG system and a pulse generator were
implanted, the latter for electrical conditioning of PCA muscles. After nerve section, animals
were randomly assigned to four groups to assess the effect of different muscle stimulus
paradigms on reinnervation quality and degree of functional recovery: 1)40 pps train, 2)20 pps
train 3)10 pps train and 4)control-no stimulation. One msec pulses were applied with 4 sec on/4
sec off duty cycle during the post neurorrhaphy regeneration period. In bimonthly sessions,
spontaneous vocal fold movement was measured endoscopically during induced hypercapnea in
the anesthetized animal. Rectified integrated EMG potentials were recorded from abductor
muscles and adductor (thyroarytenoid, TA) muscles. Recordings were obtained during



hypercapnic respiration to index reinnervation by inspiratory motoneurons, and during superior
laryngeal nerve stimulation to index reinnervation by RGC motoneurons. Exercise tolerance was
measured on a treadmill in the awake animal using pulse oximetry. Results demonstrated that
nonstimulated controls, 40 pps stimulated and 20 pps stimulated animals had faulty reinnervation
(EMG), severe paradoxical closure of the glottis during hypercapnea, and poor tolerance to
exercise. In contrast, stimulated 10 pps animals showed a near normal pattern of low PCA and
high TA reinnervation by RGC motoneurons, minimal paradoxical glottis closure, and near
normal exercise tolerance (12 minutes up to 8§ mph). It would appear that low-frequency
stimulation of a denervated PCA muscle simulating endogenous activity inhibits reinnervation
by foreign RGC motoneurons, leaving receptor sites available for native inspiratory
motoneurons. As a consequence, reinnervation of adductor muscles by inspiratory neurons is
depressed; paradoxical glottis closure is reduced and exercise tolerance restored.

Disclosures: Y. Li: None. S. Huang: None. D. Zealear: None.

Poster

291. Peripheral Nervous System Regeneration
Location: Hall A
Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 291.11/A49
Topic: A.07. Transplantation and Regeneration
Support: NIH Grant RO1DC002167 (JES)
NIH Grant F31DC014637 (BL)
Title: Injury can induce neuronally committed Neurogl+ progenitors to become multi-potent

Authors: *B. LIN', J. HEWITT?, J. PETERSON', J. E. SCHWOB';
lDMCB, 2Dep‘[. of Neurosci., Tufts University, Sackler Sch., Boston, MA

Abstract: The mammalian olfactory epithelium (OE) is a powerful model system for studying
neural regeneration due to constant turnover and genesis of mature neurons well through
adulthood. Two broadly defined basal stem cell populations, globose basal cells (GBCs) and
horizontal basal cells (HBCs), participate in regeneration after injury. GBCs are a heterogeneous
population that encompasses Sox2/Pax6(+) multipotent cells, neuron-fated Ascl1(+) that are
transit-amplifying elements, and Neurogeninl/NeuroD1(+) immediate neuronal progenitors. This
hierarchical model of GBC fate is based on the epistatic consequences of gene knockout and
temporal correlation during recovery after epithelial injury. As expected, transplantation of
Neurogl+ GBCs from an uninjured donor yielded only neurons. Unexpectedly, Neurogl+ GBCs
isolated from a setting of constant neuronal death and regeneration (olfactory bulbectomy)
revealed a previously unanticipated plasticity as they generated clones containing not only
neurons, but also non-neuronal lineage sustentacular cells as well as duct/gland units.



Consequently, we performed a short term lineage trace using the Neurogl-eGFP animal in the
context of two independent injury models, showing co-labeling of eGFP with Sox2 and Pax6,
which suggests a de-differentiative pathway. Importantly, genetic lineage tracing using both a
Neurogl-CreER as well as a more upstream Ascl1-CreER driver has demonstrated a similar
plasticity after injury in situ, suggesting that this is not due to stresses experienced during the
transplantation assay. These results provide an indication that the apparent hierarchy of neuronal
differentiation in the OE merely implies differentiative fate-not commitment.
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Abstract: Many reports have revealed the importance of the sympathetic nervous system (SNS)
in the control of the bone marrow environment. However, the specific role of neuropeptide Y
(NPY) in this process has not been systematically studied. Here we show that NPY deficient
mice have significantly reduced hematopoietic stem cell (HSC) numbers and impaired
regeneration in bone marrow due to apoptotic destruction of SNS fibers and/or endothelial cells.
Furthermore, pharmacological elevation of NPY prevented bone marrow impairments in a mouse
model of chemotherapy-induced SNS injury, while NPY injection into conditional knockout
mice lacking the Y1 receptor in macrophages did not relieve bone marrow dysfunction. These
results indicate that NPY promotes neuroprotection and restores bone marrow dysfunction from
chemotherapy-induced SNS injury through the Y1 receptor in macrophages. They also reveal a
new role of NPY as a regulator of the bone marrow microenvironment, and highlight the
potential therapeutic value of this neuropeptide.
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Title: Administration of ursolic acid promotes axon regeneration by activating akt/s6 pathway
after peripheral nerve injury
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Abstract: Ursolic acid (UA), a natural pentacyclic triterpene acid, has been reported to possess
many biological functions, including anti-oxidant, anti-cancer, anti-inflammatory effects, and
neuro-protective effect. However, no studies have been designed to investigate whether UA has
an effect on axonal regeneration. Herein, we show here that administration of UA increases
neurite outgrowth of rat dorsal root ganglion (DRG) neurons in vitro and promotes the
regeneration of sciatic nerve in vivo. UA (2.5uM) promoted neurite outgrowth from primary
cultured adult rat DRG neurons, whereas significantly decreased the number of axon branches.
The effect of UA on neurite outgrowth of DRG neurons was similar with PTEN inhibitor
bpV(HOpic). Combination of UA and bpV(HOpic) (UA+bpV(HOpic)) showed a synergistic
effect on neurite outgrowth than UA only and bpV(HOpic) only, but no difference was found in
the number of axon branches. Western blot results showed that phosphorylation level of AKT
and S6 ribosomal protein was significantly upregulated in both UA and UA+bpV(HOpic)
combination. Sciatic nerve crush injury was performed Smm distal from the hip joint. The
animals were randomly divided into four groups (n=5) : Group I, vehicle (corn oil, 0.25ml/day) ;
Group II, UA (10 mg/kg/day); Group III, bpV(HOpic) (0.05 mg/kg/day); and Group 1V,
UA+bpV(HOpic) combination. Vehicle and drugs were intraperitoneally administered at 0 hr, 24
hr, and 48 hr. Assessment of regeneration using the pinch test 72 h after crush injury revealed
that Group II, Group III, and Group IV were more effective compared to Group I in the rate of
regeneration after sciatic nerve crush injury, but no significant difference was found among the 3
groups. Our findings indicate that UA can increase neurite outgrowth by upregulating
phosphorylation level of AKT and S6 ribosomal protein and promote axonal regeneration
following peripheral nerve injury.
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Title: Acute intermittent hypoxia promotes regeneration-associated gene expression in
axotomized peripheral nerve akin to electrical stimulation
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Abstract: Despite an intrinsic ability for peripheral nerves to regenerate, it is still fraught with
challenges often maladaptive in nature. However, the intrinsic repair mechanism can be greatly
improved by brief electrical stimulation (ES) at the time of surgical repair resulting in better
functional outcomes in both rodents and humans (Al-Majed et al. [2000] J. Neurosci.
20(7):2602-2608); Gordon et al. [2010] Exp. Neurology 223(1):192-202). However, ES is
invasive and becomes difficult if the nerve is not readily accessible. An emerging non-invasive
therapy, acute intermittent hypoxia (AIH), promotes respiratory and non-respiratory motor
function in spinal cord injured rats and humans (reviewed in Dale et al., [2014] Physiology
29(1):39-48). AIH consists of breathing alternating periods of air with half oxygen (11%) and
regular air for ten cycles and results in increased phrenic nerve output activity in the rat
(reviewed in Mitchell GS, Johnson SM. [2003] J Appl Physiol. 2003;94:358-374). Because the
AIH effect is presumably systemic and likely also increases neuronal activity in the peripheral
nervous system, we hypothesized that it will impact repair of peripheral nerves and regenerative
neuronal reprogramming in a manner akin to that we have observed with ES. To examine the
impact of AIH on regeneration-associated gene expression, the tibial nerve in adult male Lewis
rats was transected and repaired. AIH (5 min alternating for 10 cycles) was delivered on day 2
and day 3 post-tibial nerve repair, followed by animal perfusion and tissue dissection. Normoxia
(continuous regular air) or sciatic nerve ES (1hr; 20Hz) delivered proximally at the time of nerve
repair served as controls. Our preliminary results reveal a significant effect of AIH on
regeneration associated-gene expression in a manner ressembling that in response to ES.
Elevated levels of betalll-tubulin, brain-derived neurotrophic factor, growth-associated protein-



43, SCG10 in the peripheral nerve neurons at the level of the cell bodies and the growing axon
front were observed. Further, behavioral analysis of neuropathic pain states revealed no
significant impact of either AIH or ES compared to normoxia for up to 10 weeks post-surgical
repair. Impacts on axon regeneration are currently being assessed.
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Abstract: Peripheral neurons are able to regenerate after axonal injuries. However, the quality of
the peripheral nerve regeneration depends on the distance between the injured sites and the target
organs. The longer the distance from the injured site to the target organs, the poorer the nerve
regeneration. So, the speed of axonal outgrowth is important for the peripheral neurons to reach
their target organs timely before these organs become impermissive for nerve regeneration.
Neurotrophic factors including NGF, BDNF and GDNF are proved to accelerate peripheral nerve
regeneration. We have established the sciatic nerve transection-regeneration model and showed
that c-jun N-terminal kinase (JNK), a member of mitogen-activated protein kinase, delayed
peripheral nerve regeneration. In an initial approach to clarify which neurotrophic factor is
involved in peripheral nerve regeneration in vivo, we examined the effect of INK of neurite
extension using mice primary cultured DRG cells. NGF and GDNF at 10 ng/mL increased the
percentage of neurons with neurites 3 times higher as compared to the control. Similarly, BDNF
at 10 ng/mL increased it 1.5 times. The JNK 600125 inhibitor attenuated the increase in
percentage of neurons with neurites by NGF, GDND, and BDNF up to 10 uM in a concentration-
dependent manner. The maximum effect of inhibition was 4.4, 2.2 and 2.6 times for NGF,
GDNF and BDNF, respectively. These results support the in vivo observation that neurotrophic
factors may accelerate peripheral nerve regeneration through the JNK pathway.
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Title: Chronic effect of Pacific Ciguatoxin-1 on axonal regeneration and functional synapse
formation after peripheral nerve injury
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Abstract: Ciguatera fish poisoning (CFP) is a common foodborne illness causing chronic and
persistent neurological effects on peripheral nervous system. It has become a global health issue
and its incidence is increasing. The initial symptoms of CFP are gastrointestinal and
cardiovascular, which disappear by two weeks’ time. However, neurological symptoms, such as
muscle fatigue could last for months or years. Proximal peripheral nerve injuries could be
potentially devastating and leading to motor function deficit. Restoration of motor function after
injury requires not only successful regeneration of damaged axons, but also reinnervation to their
target muscles, forming functional neuromuscular junctions (NMJs). Our behavioral studies
showed that exposure to pacific ciguatoxin-1 (P-CTX-1) delayed sensory and motor function
after sciatic nerve injury significantly. We therefore examined the chronic effect of P-CTX-1 on
axonal regrowth and functional NMJ formation in mice after injury following pre-exposure to P-
CTX-1. Male adult C57BL/6 mice were administered sub-lethal dose of P-CTX-1 (0.26ng/g, i.p.)
twice (day 0 & 3) and sciatic nerve crush was performed on day 14. Animals were provided with
food and water ad libitum and maintained under a 12:12 h light/dark cycle for 8 weeks. Sciatic
nerve and lateral plantar muscles were harvested after perfusion two months after the injury.
Transverse cryosection of sciatic nerve (Ipsilateral and contralateral) were immunostained with
anti-NF-200 and total number of axons was quantified. Lateral planter muscle cryosection were
immunostained with anti-a-bungarotoxin and anti-NF-200. Sections were quantified into three



categories i.e. fully innervated, partially innervated and denervated. The result of axon
quantification showed significant decrease in NF-200 positive axon in the sciatic nerve 5- to 20-
mm distal to injury site as compared with vehicle control in ipsilateral side (P<0.05). The
number of axons in contralateral side reduced suggesting the systemic effect of P-CTX-1 on
uninjured axons. NMJ numbers decreased significantly in the ipsilateral (P<0.05) and
contralateral (P<0.05) side to injury in lateral planter muscle. We also performed
electromyography (EMG) recording during the course of recovery to assess functional synapse
formation following injury. EMG signal was reduced significantly in P-CTX-1 treated mice
which in line with our histology and behaviour data.
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Abstract: Wallerian degeneration is the process by which transection or crushing of the axons of
peripheral neurons leads to degeneration and clearance of the distal axonal segment. Studies on
Wallerian degeneration widely report that monocyte entry into the degenerating distal nerve is
necessary for phagocytosis and is required to promote regeneration by the proximal nerve
segment. CCR2+ monocytes enter tissues and differentiate into macrophages, which are
purported to be the key players in this clearance process. Using a CCR2-/- mouse model, in
which the infiltration of CCR2+ monocytes is inhibited, we found that these macrophages may
not play as pivotal a role in axonal degeneration as previously believed. Specifically, the
disappearances in the distal nerve of myelin (including a specific myelin protein P0) and the
axonal light neurofilament protein were similar in CCR2-/- and in wild type (WT) mice 7 days
after a sciatic nerve transection, in spite of substantially decreased macrophage accumulation in



the CCR2-/- nerve. Luxol fast blue and toluidine blue-stained nerves were used to assess myelin
degeneration and removal after nerve transection. A phagocytosis assay and a time course after
injury show that significantly more myelin is removed at 3 days post-injury in the distal nerve
segment of CCR2-/- mice, and that an increased amount of myelin is contained within glial
fibrillary acidic protein (GFAP)-labeled Schwann cells compared to WT mice. Flow cytometry,
western blotting, qPCR, and immunohistochemistry were used to identify the fluctuating patterns
of phagocytosis by leukocytes and Schwann cells during degeneration of the sciatic nerve in WT
and CCR2-/- animals. We hypothesize that in the absence of infiltrating CCR2+ monocytes in
the CCR2-/- mouse, a different phagocyte (or phagocytes) plays a compensatory role in the
clearance of degenerating nerve debris and that this role is at least in part played by Schwann
cells. Our evidence suggests that this CCR2" phagocyte may be sufficient for debris clearance in
the sciatic nerve, and we propose that CCR2+ macrophages may play a different and less well-
known role in Wallerian degeneration.
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Abstract: Neuropathy is a major complication for those suffering from diabetes. It is often
associated with numbness, intractable pain, and loss of function. The exact mechanisms
underlying diabetic neuropathy are not well-understood, but are believed to partially result from
regenerative deficits that accumulate over time, leading to loss of innervation. Previous work
from our lab has established that members of the gp130 family of cytokines (or neuropoietic
cytokines) are induced after injury and play a role in signaling for regeneration in normal
animals (Hyatt Sachs et al., 2010). Here, we explored the possibility that these cytokines may
have a reduced induction after injury in diabetic mice, leading to nerve regeneration deficits. We
used streptozotocin (STZ) to selectively deplete pancreatic B-islet cells, depleting insulin and
ultimately leading to chronic hyperglycemia in these mice. This is the most commonly used
chemically-induced model of type 1 diabetes. We injected mice with either multiple low dose



injections of STZ (5x 60mg/kg) or a single high dose injection (1x 200mg/kg) and examined the
mice at least four weeks later. At this time, we superimposed nerve injuries [axotomy of the
neurons in the superior cervical ganglion (SCG) and axotomy of the sciatic nerve] to study the
regenerative response in diabetic mice compared to age-matched controls. Using both the SCG
and dorsal root ganglia (DRG), we were able to examine the effects on both sympathetic and
sensory neurons. We found that both ganglia have reduced induction of two gp130 cytokines,
leukemia inhibitory factor and interleukin-6, after injury. This is accompanied by reduced
phosphorylation of signal transducer and activator of transcription 3 (STAT3), a downstream
effector of the gp130 signaling pathway. We also found various gp130-dependent regeneration-
associated genes (Habecker et al., 2009) including galanin, vasoactive intestinal peptide and
pituitary adenylate cyclase activating peptide have reduced induction after injury as well. These
changes may lead to deficits in neurite outgrowth of dissociated SCG and DRG neurons.
Together, these data suggest a novel mechanism for diabetic neuropathy.
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Title: Overexpression of CCL2 in dorsal root ganglia is sufficient for enhanced axonal
regeneration
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Abstract: Neuroinflammation plays a critical role in the regeneration of peripheral nerves
following axotomy. An injury to the sciatic nerve leads to significant macrophage accumulation
in the L5 DRG, an effect not seen when the dorsal root is injured. Recent evidence showed that
macrophage accumulation around axotomized cell bodies is necessary for a peripheral
conditioning lesion response. In response to an axonal injury, DRG neurons upregulate and
release CCL2, a macrophage chemokine which acts on the receptor CCR2. In a CCR2 knockout
mouse (CCR2-/-), CD11b+ macrophage accumulation was inhibited in the distal sciatic nerve



and in the axotomized DRG after injury. To ascertain the effect on regeneration, DRGs were
placed in explant culture 1 week after a conditioning lesion. Increased outgrowth was seen in
previously lesioned DRGs from WT but not CCR2-/- mice. These data suggest a relationship
between macrophage accumulation near neuronal cell bodies and the regenerative capacity of
neurons as well as highlighting the role CCL2/CCR2 signaling plays in mediating macrophage
entry into DRGs after injury. To probe the importance of this signaling, we asked whether
overexpression of CCL2 specifically in DRG neurons of uninjured mice would be sufficient to
cause macrophage entry and enhanced regeneration, or whether other injury-derived signals are
necessary. We found that CCL2 could be significantly overexpressed in DRG neurons by
utilizing an adeno-associated virus (AAV) delivered intrathecally. AAV-CCL2 injection led to a
time dependent increase in CCL2 mRNA expression compared to AAV-YFP controls, with a
maximal response seen at 3 weeks post-injection. Consequently, CCL2 overexpression also led
to a time dependent increase in CD11b+ macrophages in the L5 DRG compared to YFP controls,
with a maximal response at 3 weeks post-injection, a time point used in all subsequent
experiments. CCL2 overexpression and subsequent macrophage accumulation led to a
conditioning-like increase in neurite outgrowth of DRG explants from mice injected with AAV-
CCL2 compared to AAV-YFP controls. This increase in regeneration was dependent upon CCL2
acting through its primary receptor CCR2. When CCL2 was overexpressed in CCR2-/- mice,
macrophage accumulation and enhanced regeneration were not seen. Finally, administration of
AAV-CCL2 resulted in increased LIF mRNA and increased neuronal pSTAT3 in L5 DRG.
Thus, CCL2 overexpression is sufficient to cause increased macrophage accumulation and
increased regenerative capacity of DRG neurons. This likely occurs through the stimulation of
signaling pathways critical for regeneration including the activation of the JAK-STAT pathway.
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Abstract: Chondroitin sulfate proteoglycans (CSPGs) are potent inhibitors of axon regeneration
in both the central and peripheral nervous system. CSPGs are constitutively expressed
throughout the extracellular matrix and are postulated to maintain homeostasis of inherently
sprouting nerve cell appendages through negative interactions of the glycosaminoglycan (GAG)
chains. The formation of CSPG rich perineuronal nets that appear during maturation of spinal
motor neuron pools are believed to suppress neuronal plasticity through this mechanism. Several
laboratories have investigated the application of chondroitinase ABC (ChABC) to degrade the
inhibitory CSPG GAG chains of perineuronal nets and induce neuronal plasticity with much
success but recent studies within the peripheral nervous system have provided evidence that
excessive sprouting may lead to aberrant regeneration. We have successfully enhanced
peripheral axon regeneration in vitro through selective degradation of CSPG GAG chains using
chondroitinase C (ChC), an isozyme of ChABC which is more selective towards chondroitin
sulfate C than chondroitin sulfate A or dermatan sulfate. Selective degradation was supported by
Alcian Blue and Coomassie Blue stained SDS-PAGE showing complete or partial removal of
GAG chains and molecular weight shifts of CSPG core proteins compared to ChABC treatment.
Additionally, western analysis confirmed selective degradation with neoepitope labeling of
CSPG core proteins at different molecular weight shifts. Furthermore, western analysis has
provided evidence that ChC does not degrade GAG chains associated with certain CSPG core
proteins. Finally, we applied ChC or ChABC to fixed frozen sections of normal rabbit spinal
cord and adult mouse brain and provided evidence that both enzymes have the ability to degrade
GAG chains associated with perineuronal nets by producing neoepitope labeling immunoreactive
towards C6S antibody. Although the enzymatic activity of ChC has been documented to be
inhibited at physiological conditions, we have provided evidence of the contrary by producing
C6S immunoreactive neoepitope following microinjection of ChC into the mouse sciatic nerve.
Here we provide evidence of potential functional consequences following application of ChC in
vitro and in vivo.
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Title: Mesoporous silica nanoparticles as a delivery system for nerve regeneration
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Abstract: Mesoporous silica nanoparticle (MSN) has many advantages as an efficient drug
delivery system including a large surface area, high porosity and intrinsic biocompatibility which
allow the absorption and release of multiple drugs and biomolecules. We aim to delineate
whether PTEN inhibitor-conjugated MSN is more effective on the axonal outgrowth of
peripheral nerve than the application of PTEN inhibitor without a delivery system in vitro
condition and MSN can be loaded into various neurons and glial cells in vivo conditions. For in
vitro study, bisperoxovanadium (BpV) (HOpic) was conjugated to functionalized and
rhodamine-labeled MSNs (MSN-BpV) and then applied to primary cultured dorsal root ganglion
(DRG) which were dissected from Sprague Dawley (SD) rats. We found that the efficiency of
MSN transfection into DRGs were over 95% when the concentration of MSN within culture
media was over 20pg/ml. After the application of MSN-BpV to DRGs, the maximal length of
outgrowing DRG axons was longer than those only treated with BpV at 20 and 40pg/ml.
Western blotting revealed that MSN-BpV treated DRGs showed lower pPTEN/PTEN level and
lower pAkt/Akt level than those only treated with BpV at the same concentration and non-treated
controls. MSNs were also directly injected into the brain, spinal cord, and DRGs of neonatal or
adult SD rats. We found that MSNs were successfully internalized into the cytoplasm of neurons,
astrocytes, oligodendrocytes and macrophages. We conclude that MSNs effectively deliver
PTEN inhibitor into sensory neurons and enhance axonal outgrowth without cell toxicity in vitro
and may play an important role in transport of drugs or biomolecules into neurons and glial cells
in the central and peripheral nervous systems in vivo.
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Title: Brief electrical stimulation promotes immune cell clearance and polarizes macrophages
toward a pro-repair M2 phenotype in focally demyelinated peripheral nerve

Authors: *N. A. MCLEAN'?, V. M. K. VERGE'?;
'Anat. and Cell Biol., Univ. of Saskatchewan, Saskatoon, SK, Canada; 2CMSNRC, Saskatoon,
SK, Canada

Abstract: Demyelinating diseases are characterized by segmental demyelination of axons and
infiltration by cells of the monocyte lineage. We and others have shown that brief electrical
stimulation (ES) at the time of peripheral nerve repair enhances regeneration of sensory and
motor neurons including axonal remyelination. Recently we have shown that brief ES, 5 days
after a focal demyelinating lesion, accelerates removal of myelin debris and myelin repair,
promotes axonal protection and is accompanied by the enhanced clearance of ED-1 positive
macrophages from the demyelination zone by 5 days post-ES. Macrophages in response to local
microenvironment cues can alter their functional polarity, exhibiting either a pro-inflammatory
(M1) or a pro-repair (M2) phenotype, with the latter important for the resolution of inflammation
and tissue repair. Because ES dramatically impacts remyelination, including macrophage
responses, we posited that the ES may be polarizing macrophages toward a pro-repair state. To
examine this, the right tibial nerve of adult male Wistar rats was focally demyelinated by 1%
lysophosphatidyl choline (LPC) injection just distal to the trifurcation of the sciatic nerve. Five
days later, half of the animals were subjected to 1 hour continuous 20 Hz ES proximal to the
injection site. At 5, 8, and 10 days post-LPC, animals were perfused and the right and left sciatic
nerves removed and processed immunohistochemically to detect the impact of ES on
macrophage phenotype. There is robust infiltration of ED-1 positive macrophages into the lesion
site, the majority of which are also positive for the M1 phenotype associated markers TNF-o and
iNOS by 5 days post LPC. By 8 and 10 days post-LPC (3 and 5 days post-ES) stimulated nerves
displayed a significant reduction in the number of M1 phenotype macrophages, coupled with an
increase in the percentage of ED-1 positive macrophages expressing the M2 phenotype markers
CD206 and Arginase-1. This transition occurs at a time point coincident with an overall
reduction in the numbers of ED-1 positive macrophages present within the lesion site. These
results suggest that ES may help create an environment permissive for early remyelination by
promoting a switch to a pro-repair M2 macrophage phenotype.
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Title: Lycium barbarum polysaccharide enhances the intrinsic growth capacity of dorsal root
ganglion neurons
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Abstract: Unlike the central nervous system (CNS), the peripheral nervous system (PNS) can
regenerate at a slow rate of axonal regrowth (1-2mm/day). Patients with proximal peripheral
nerve injury such as brachial plexus injury often result in poor functional recovery largely due to
the long distance axonal regrowth. Wolfberry (Lycium barbarum) is a well-known traditional
Chinese medicine serves as an upper class herb without any known toxicity or side effect. Recent
studies showed that one of its major active components Lycium barbarum polysaccharides (LBP)
exhibit a wide range of beneficial activities including anti-aging, modulation of immune
function, protection against liver damage and reduction in blood glucose levels in diabetes. In the
CNS, LBP have been shown to promote the survival of retinal ganglion cells in an animal model
of glaucoma, and reduce the AB-induced neurotoxicity in cortical neurons. However, the
beneficial effect of LBP on axonal regeneration in nervous system remains largely unknown. In
the present studies, we aim to examine if LBP could enhance the regenerative capacity of injured
DRG neurons purified from the adult PNS. The dissociated primary DRG neuron is widely used
to assess the intrinsic growth capacity and in gene expression profile studies. Our pilot data
showed that LBP induced a marked increase in neurite outgrowth of DRG neurons at all
concentrations we tested (0.1-300ug/ml) without any detectable cell survival effect. These data
prompted us to examine the promoting effect of LBP on functional recovery after peripheral
nerve injury. Further gene expression profile studies will provide insight into the molecular
mechanism of LBP in PNS regeneration.

Disclosures: N.P.B. Au: None. G. Kumar: None. R.C.C. Chang: None. K.F. So:
None. C.H.E. Ma: None.

Poster

291. Peripheral Nervous System Regeneration
Location: Hall A
Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM



Program#/Poster#: 291.24/A62
Topic: A.07. Transplantation and Regeneration

Support: Early Career Scheme (ECS) Grant, University Grants Committee, Hong Kong Special
Administrative Region Government (Ref. No.: CityU 161212)

Title: A comparative proteomics analysis of proteins involved in modulating axonal growth in
peripheral neurons

Authors: *J. S. VONG, C. H. E. MA;
Dept. of Biomed. Sci., City Univ. of Hong Kong, Hong Kong, Hong Kong

Abstract: Our previous study showed that the time window for the regenerating axons to re-
innervate their target motor endplates was limited to 35 days in mice. We have established an
animal model to study critical period by performing repeated sciatic crushes to confine the time
in which regenerating axons from reaching the muscle within the critical period (short-crush, <35
days) or outside the critical period (long-crush, >35 days) where functional recovery is limited.
Sciatic nerve was crushed 4 times at 2-day intervals (short-crush) and 4 times at 9-day intervals
(long-crush). Plantar muscle contralateral and ipsilateral to the sciatic nerve crush was dissected
out for proteomic study. Differential protein expression profile after short- and long-crush was
resolved by second-dimension gel electrophoresis. Fifteen proteins (spots) were identified and
they are differentially regulated after short- and long-crush. We also examined the protein
expression profile after chronic muscle denervation. We identified one cytoskeleton protein
which was highly upregulated not only in the muscle but also in dorsal root ganglion (DRG)
neurons after peripheral nerve injury. We showed that preconditioned primary DRG neurons
highly expressed this cytoskeleton protein and its up-regulation result in longer neurite
outgrowth. Loss of function assay by siRNA in preconditioned DRG neurons showed a
significant reduction in neurite length. Further loss-of-function assay in animals will be
performed to assess functional recovery after peripheral nerve injury. Theme and Topic: A.07.b.
Regeneration: PNS Keywords: PERIPHERAL NERVOUS SYSTEM, SCIATIC NERVE
INJURY, DORSAL ROOT GANGLION, AXONAL GROWTH, PROTEOMICS
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Title: Adult Skin-derived precursor Schwann cells (aSKP-SCs), like acutely injured nerves
Schwann cells, exhibit superior myelination and regeneration supportive properties compared to
chronically denervated nerve Schwann cells
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Abstract: Despite the innate capacity of peripheral nervous system to regenerate, severe nerve
injury patients with chronic nerve denervation never regain full function. Within chronically
injured nerve, Schwann cells (SCs) fail to maintain regeneration supporting phenotype, which
leads to poor functional recovery in afflicted patients. The goal of this study is to search and
evaluate an ideal SC population and provide improved autologous cell transplantation therapy to
augment nerve repair. Skin derived precursors (SKPs) are multipotent stem cells, and show
phenotypic similarities to neural crest cells. Neonatal SKPs are capable of differentiation into
Schwann cells (SCs), which express multiple markers of immature myelinating SCs. Upon
transplantation into dysmyelinated or injured peripheral nerves neonatal SKP-SCs not only are
capable of survival but also exhibit remarkable myelination. In acute and delayed nerve repair
models of severe injuries neonatal SKP-SCs are able to show robust remyelination and restore
functional recovery in an array of behavioral tests. We further assessed the potential of adult
SKP-SCs (aSKP-SCs) and tested their capacities for promyelinating transcription factor
expression, proliferation, neurite outgrowth, and remyelination. Here we show in line with
previous literature, following chronic denervation SCs lose the capacity to support axon
regeneration and show less robust myelination. We hypothesize that recapitulating the early
denervation phenotype; transplanting aSKPSCs in the chronically denervated nerve may restore
remyelination and regeneration support capacity. We compared SCs within acute and chronic
injured nerves and found that acutely injured nerve SCs exhibit signature marker expression
(Oct-6 and Krox-20) of myelinating embryonic SCs during development. Our data suggest that
chronically denervated nerve SCs fail to exhibit comparable myelinating phenotype, exhibit
retarded proliferation, show diminished neurite outgrowth, and demonstrate inferior in vitro/in
vivo myelination as compared to acutely injured nerve SCs. It is remarkable that aSKP-SCs
express the markers of promyelinating SCs such as Sox-10, Oct-6 and Krox-20 and exhibit
superior proliferation, neurite outgrowth, and in vitro/in vivo myelination, which is very similar
to acutely or embryonic nerve SCs and superior to chronically denervated nerve SCs. Based on
our findings we conclude that aSKP-SCs may serve as a potential source of myelinating SCs to
repair injured nerves and can serve as a potential source of autologous cell therapy in patients.
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Title: The axonal palmitoyl acyltransferases DHHCS and DHHCS are essential for retrograde
injury signaling by the gp130/JAK/STAT3 pathway
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Abstract: The protein-lipid modification palmitoylation is an important regulator of protein
targeting and trafficking. Interestingly, genetic mutation or loss of a number of palmitoyl
acyltransferases (PATs, which catalyze palmitoylation) cause predominantly neuropathological
defects, suggesting that palmitoylation plays particularly important roles in neurons. Although
there have been several recent advances in the identification of roles and substrates of specific
PATs, virtually nothing is known about PAT expression and distribution in peripheral neurons,
and the roles of PATs in axons are largely unclear. We therefore sought to identify roles for
specific PATs in peripheral axons. One process that is particularly important in peripheral axons
is retrograde signaling after a nerve injury, in which proteins are physically transported from
distal sites of damage to activate pro-regenerative transcription. One key retrograde signaling
pathway involves the transmembrane receptor gp130, its associated kinase JAK, and JAK’s
substrate STAT3. Here, we report that gp130 is palmitoylated in transfected heterologous cells
and endogenously in neurons. To identify potential regulators of gp130 palmitoylation we
determined the distribution of all 23 mammalian PATs in sensory neurons. Strikingly, we found
that only 2 of 23 PATs, DHHC5 and DHHCS, are enriched in sensory axons and that knockdown
of these axonal PATs reduces both palmitoylation and surface targeting of gp130 in sensory
neurons. Moreover, consistent with this impaired gp130 targeting, DHHCS and DHHCS are
essential for retrograde signaling by gp130/JAK/STAT3. Together these findings identify the
first axonally enriched PATs and the first axonal substrate for DHHCS5/8. We will further discuss
how these findings provide new insights into how injury response signals are coordinated and
conveyed.
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Title: Chemotherapeutics and the taste system: Using cyclophosphamide to study system
recovery
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Abstract: Patients undergoing chemotherapy often report disturbances in their ability to taste.
These deficits can lead to decreased appetite, malnutrition, and ultimately poorer prognoses.
Previous work in this lab has examined the effects of the chemotherapeutic cyclophosphamide
(CYP) on the taste system of mice. Initial analyses have shown biphasic (post-injection days 2-3,
9-12) deficits in taste sensitivity and acuity through behavioral measures. These behavioral
measures directed immunohistochemical (IHC) assays examining the state of tissue at days 0, 4,
7,10, 12, 16, and 21 following a single moderate dose of CYP (75 mg/kg). Briefly, mice were
perfused using 4% paraformaldehyde, and the tongue was extracted and cryoprotected in 30%
sucrose. After being frozen, slides were sectioned and stained for cell type (PLCB2, SNAP25),
proliferation (Ki67, BrdU), and cell death (TUNEL assay and caspase-3). Fungiform papillae
showed (1) decreases in Ki67, PLCB2, and BrdU expression 4 days post injection, (2) maintained
deficits in PLCPB2 expression at 7 days post injection, and (3) increased Ki67 expression 10 days
post injection. Circumvallate papillae showed decreased expression of (1) Ki67 at day 4 post
injection, (2) PLCB2 at 7 days post injection, and (3) PLCB2 and BrdU at 10 days post injection.
We are expanding upon these initial findings to more fully understand the extent to which the
taste system is compromised by CYP. To do this, we are analyzing taste cell populations all days
between the time points studied previously. This time-course will be critical for evaluating
potential mechanisms underlying recovery of taste function. We are also looking at potential
mechanisms involved in the restoration of these taste cell populations. Sox2, for example, is
necessary for embryological development of the anterior tongue and taste system and may play a
critical role in the recovery of the taste system following injury by CYP. Adult Sox2 expression
in the taste system appears to decrease 4 days following CYP injection. Understanding the nature
and mechanisms of tissue recovery can provide means to help those undergoing chemotherapy to
have better nutritional intake and quality of life.
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Title: Sensory neuron involvement in caudal fin regeneration in zebrafish, Danio rerio

Authors: M. YOUNISS', *N. W. KLECKNER?;
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Abstract: Most organisms have the ability to regenerate certain body parts. However, some
vertebrates have a particularly extensive regenerative capacity. For example, some amphibian
limbs and fish tails can be regrown when lost, and both of these processes are well characterized.
Amphibian limb regeneration has been found to be dependent on the presence of nerves; once
denervated, a limb loses its ability to regenerate following an amputation. This dependence is
due to the release of anterior gradient proteins (nAg, in salamanders) by Schwann cells. While
zebrafish (Danio rerio) tail regeneration is phenotypically well characterized, neither its
dependence on the presence of nerves nor its expression of anterior gradient proteins (agr! or 2
in zebrafish) during the process have been explored. This study provides the necessary
preliminary experiments to ultimately compare amphibian limb and zebrafish caudal fin
regeneration. We explored agr?2 expression in the caudal fin during normal regeneration in
juvenile zebrafish (4-6 weeks old, chosen to ensure comparisons in later live imaging
experiments). Additionally, multiple denervation techniques, including mechanical denervation
and denervation by exposure to metronidazole or paclitaxel, were explored. Denervation was
verified by comparing anti-acetylated tubulin antibody labeling of caudal fin axons of treated and
control fish. We found that the expression of agr2was upregulated in the caudal fin during
regeneration, although not specifically in the blastema. Additionally, while mechanical
denervations did not consistently remove neural input, exposure of fish to 1 and 10 mM
metronidazole in system water and intraperitoneal injection of 10 uM paclitaxel were promising
methods for caudal fin axon degeneration. These findings can be used in later studies to
determine if regeneration is dependent on neural input, as seen in amphibians. Denervation
techniques will be utilized prior to amputation, and regeneration and agr2 expression will be
compared to normal phenotypic regrowth and expression. Conserved or contrasting pathways
may highlight why most vertebrates have such a limited ability to regenerate.
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Title: Transforming growth factor beta regulates expression of fibroblast growth factor -7 in
schwann cells
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Abstract: Background and Objective: Our previous works using a chronic denervation and
axotomy rat model have demonstrated that transforming growth factor -beta (TGF-B1) and
forskolin reactivated Schwann cells (SCs). We also found that expression of fibroblast growth
factor-7 (FGF-7) decreased 3.8-fold. In this study, we examined the molecular mechanism of
TGF-p and forskolin on the expression of FGF-7 in cultured primary SCs. Methods: SCs were
isolated from the sciatic nerve of adult female Sprague Dawley rat. SCs were used at passage 3-
6. SCs (5 x10° cells) were cultured on poly-L-lysine coated 12-well tissue cluster for 6 days,
starved overnight in DMEM, and stimulated with forskolin (0.25 or 0.5 uM), TGF-$ (1 or
Sng/mL), or TGF-B plus forskolin for 24 hours. SCs were also pretreated with LY2109761
(0.5uM), a TGF-p receptor type I/II dual inhibitor, for 15 min prior to stimulation with TGF-3
(Ing/mL) plus forskolin (0.5 uM) for 6 hours. Total RNA was isolated, reverse transcribed
followed by real-time Tagman qPCR amplification. Cycle threshold (Ct) data were normalized to
the ribosomal protein (RPLPO) reference gene and fold change relative to the untreated SCs
were determined using the delta-delta Ct method. Results: At the concentrations of TGF-f and
forskolin used in the in vivo studies, treatment of SCs with TGF-$ (Ing/mL) alone or in
combination with forskolin (0.5 uM) for 24 hours resulted in a 5.3-and 2.8 fold decrease in FGF-
7 expression compared to untreated controls. No changes in FGF-7 expression were found with
forskolin only treatment. Increasing the concentration of TGF-f (5 ng/mL) resulted in a 9.1 fold
reduction in FGF-7 expression; whereas decreasing the concentration of forskolin (0.25 uM)
resulted in a 2.2-fold reduction; the combined treatment resulted in a 1.4-fold increase in
expression of FGF-7. Treatment with TGF-/forskolin for 6 hours resulted in a 4.0-fold decrease
in FGF-7 expresssion; Blocking of TGF-f receptor with LY2109761 lead to a decrease of 2.7-
fold. Conclusion: We showed that expression of FGF-7 in SCs is regulated by TGF-f, and that
addition of forskolin modulates TGF-f effect on FGF-7 expression. FGF-7 may have a role in
nerve regeneration by affecting the responses of other cells, namely epithelial cells. Hence,



modulation of FGF-7 expression in SCs may be necessary in chronic nerve repair and
regeneration.
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Title: Cyclophosphamide-induced loss in murine olfactory systems
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Abstract: Patients undergoing chemotherapy often report profound changes in their ability to
taste and smell during and after drug therapy. Cyclophosphamide (CYP), one of the first
chemotherapy agents, is an alkylating agent known to disrupt taste functions by its cytotoxic
effects on taste buds and by temporarily halting the adult taste cell renewal process. However,
little is known about the effects of CYP on the olfactory system. Since the sense of smell
depends on the presence of olfactory neurons that undergo replacement similar to the taste
system, we asked if a single injection of CYP would affect olfactory neurons? We examined the
effects of CYP on olfactory neurons of the main olfactory epithelium (MOE) and the
vomeronasal organ (VNO). We used an antibody to Ki67, a protein only expressed in cells
undergoing division (G1, S, G2, mitosis). Male C57BL/6J mice were given a single IP injection
of CYP (75 mg/kg) or saline and sacrificed from 1 day to 80 days post-injection. Mice were
perfused with 4% paraformaldehyde, decalcified with EDTA, cryto-protected, sectioned and
incubated with Ki67 antibody (Thermo scientific). There were clear differences between the
MOE and the VNO across all the time points. At 1 day post injection the MOE looked damaged,
especially in the dendritic region while the VNO was structurally unaffected. However both
tissues showed a decrease in K167 protein label compared to controls. By day 2, neither tissue
showed any Ki67 labeling. In addition both the VNO and the MOE showed significant drops in
Ki67 labeling 14 days post injection and 60 days post injection compared to controls. So far our
data suggest that the MOE was more affected by CYP than the VNO. These findings provide
important insights into the loss of olfactory function reported by patients during and after
chemotherapy treatment.
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Abstract: Neurogenesis after brain injury contributes to neuronal replacement and functional
recovery. Hypoglycemia-induced brain injury increases transient neurogenesis in the dentate
gyrus (DG) subgranular zone (SGZ). At four weeks after severe hypoglycemia, progenitor cell
proliferation in the SGZ was reduced below baseline in sham-operated rats. In our previous
study, zinc chelation or vesicular zinc depletion reduced hypoglycemia-induced neurogenesis. To
test whether zinc supplementation can increase hippocampal neurogenesis after severe
hypoglycemia we injected zinc with histidine and proline compounds (Cyclo-(His-Pro)) for 3
weeks starting at one week after hypoglycemia. It is well known that histidine-proline-rich
glycoprotein plays a role in zinc transport. Cyclo-(His-Pro)(CHP) is a naturally occurring peptide
found in the central nervous system (CNS) that can affect brain function after systemic
administration. CHP has been used as a dietary supplement and is known to be a neuromodulator
capable of crossing the blood-brain barrier (BBB). Several studies found that CHP improves zinc
absorption and maintains steady concentrations of zinc for more than 12 hours. To investigate
whether zinc supplementation can improve hypoglycemia-induced neurogenesis we used an
animal model of insulin-induced hypoglycemia. Acute hypoglycemia was induced by
intraperitoneal injection of human insulin (10 U/kg), and then iso-electricity was maintained for
30 minutes. We examined the neurogenic effects of zinc supplementation with zinc plus cyclo-
(His-Pro) at 4 weeks after hypoglycemia in the SGZ. Sham-operated rats were also injected with
or without zinc plus cyclo-(His-Pro) for 3 weeks. We performed immunohistochemistry using a
ki67 antibody to detect progenitor cell proliferation. At four weeks after hypoglycemia, the
number of Ki67 (+) cells decreased below baseline compared to sham-operated rats. However,
three weeks supplementation of zinc with cyclo-(His-Pro) increased the number of Ki67 (+) cells
in the hippocampal SGZ above baseline in hypoglycemia experienced rats. Furthermore, even in
sham-operated rats the number of Ki67 (+) cells were higher than baseline levels The present
study demonstrated that zinc plus cyclo-(His-Pro) supplementation positively affected
hippocampal neurogenesis after severe hypoglycemia.
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Abstract: o7 nicotinic acetylcholine receptors (nAChRs) play an important role in various
aspects of synaptic transmission via their regulation of intracellular signaling pathways. In recent
studies, we have demonstrated an important functional role for a7 nAChR interactions with
intracellular heterotrimeric GTP binding proteins in various types of cells. Here we show that
direct coupling of the intracellular loop of the a7 receptor to Gaq enables a downstream calcium
signaling response that persists beyond the expected time course of channel activation. This
process is made possible via an evolutionary preservation of a G protein-binding cluster (GPBC)
within the M3-M4 loop of nAChRs. A specific mutation of the GPBC in a7 (a7-345-348A)
abolishes interaction with G proteins while having no effect on the synthesis, a-bungarotoxin
binding properties, or cell-surface trafficking of the receptor. Expression of a7-345-348 A does
however significantly attenuate the downstream calcium signaling response following activation
of the receptor by the a7 selective agonist choline. This data provides novel evidence on the
existence of a metabotropic G protein-binding domain within the a7 receptor and a mechanism
for nAChR mediated signaling in cells.
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Title: Removal of a4 nAChR subunits from adult VT A neurons alters VTA dopamine neuron
excitability and locomotor activity
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Abstract: Nicotinic acetylcholine receptors (nAChRs) containing a4 and/or a6 subunits have a
high sensitivity to nicotine and are implicated in nicotine’s reinforcing properties. Determining if
nicotine’s effects are mediated by receptors containing both subunits, 0c406* nAChRs, remains
challenging. In these experiments, we sought to study the effect of removing a4 subunits only
from ventral tegmental area (VTA) neurons in adult mice. To do this, a viral vector directing
expression of Cre recombinase was injected into the VTA of adult mice with loxP sites flanking
the a4 subunit gene (a4flox mice). When a4 subunits are removed from the VTA of adult a4flox
mice using Cre, nAChR function is diminished, as seen by significantly reduced ACh-evoked
currents in VTA dopamine (DA) neurons. VTA DA neuron action potential firing is also
modified in a4flox mice upon removal of 04 subunits from the VTA. Using current-clamp mode,
we measured firing frequency during 2 sec current injection steps. When a4 subunits are
removed, VTA DA neurons are more excitable. Small current injections (+20 pA) cause the
firing rate of Cre(+) neurons to increase significantly compared to Cre(-) neurons. From these
results we hypothesized that removal of a4* nAChRs from GABAergic neurons in VTA results
in less tonic inhibition of VTA DA neurons. To test this we measured spontaneous inhibitory
postsynaptic currents (IPSCs) on VTA DA neurons. Indeed, we saw that the frequency, but not
amplitude, of IPSCs was significantly reduced when 04 subunits were removed from the VTA.
To further test this hypothesis with a behavioral measure, we crossed o4flox mice with a6L9S
mice, which express hypersensitive nAChRs containing a6 subunits. In a6L9S mice, low doses
of nicotine stimulate locomotor activity via 0a4a6* nAChRs. Removing 04 subunits from the
VTA of adult a6L9S mice using our Cre/loxP approach rendered mice insensitive to injected
nicotine in locomotor activation assays (confirming removal of 04 using behavior), but increased
spontaneous locomotor activity (consistent with disinhibition of DA neurons). ACh-evoked



currents in VTA DA neurons in a4floxa6L9S mice are also dramatically reduced when o4
subunits are removed from the VTA. Current experiments include assessing the ability of
nicotine to alter synaptic plasticity in VTA (with AMPA/NMDA ratios) and nucleus accumbens
(by measuring dendritic spine morphology) of adult mice where a4 has been removed from
VTA. Overall, this study employing removal of VTA a4 subunits from the adult brain highlights
the importance of both 1) a4* nAChRs in VTA GABAergic neurons, and 2) the substantial role
played by a4 subunits in a6* nAChR function. Supported by NIH grant DA035942.
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Abstract: Nicotinic acetylcholine receptors (nAChRs) are the molecular target of nicotine.
nAChRs in the medial habenula (MHb) have recently been shown to play a role in nicotine
dependence, but it is not clear which nAChR subtypes or MHb neuron types are most important.
To identify MHb nAChRs and/or cell types that play a role in nicotine dependence, we studied
these receptors and cells with brain slice electrophysiology using both acute and chronic nicotine
application. Cells in ventral MHb inferior (MHbVI) and lateral (MHbVL) subregions expressed
functional nAChRs with different pharmacology. Further, application of nicotine to cells in these
subregions led to different action potential firing patterns. The latter result was correlated with a
differing ability of nicotine to induce nAChR desensitization. Chronic nicotine caused functional
up-regulation of nAChRs selectively in MHbVI cells but did not change nAChR function in
MHbVL. Importantly, firing responses were also differentially altered in these subregions
following chronic nicotine. MHbVI neurons treated chronically with nicotine exhibited enhanced
basal pacemaker firing but a blunted nicotine-induced firing response. MHbVL neurons did not
change their firing properties in response to chronic nicotine. Together, these results suggest that
acute and chronic nicotine differentially affect nAChR function and output of cells in MHb



subregions. Because the MHb extensively innervates the interpeduncular nucleus (IPN), an area
critical for both affective and somatic signs of withdrawal, these results could reflect some of the
neurophysiological changes thought to occur in the MHD to IPN circuit in human smokers.
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Abstract: Genome-wide association studies (GWAS) have implicated a3f4*-nAChR in
susceptibility to tobacco use and dependence, particularly among youth. The associated
phenotypes include heavy smoking (daily cigarettes smoked), Fagerstrom Test for Nicotine
Dependence scores, and age dependent severity of dependence. A link has also been established
to lung cancer susceptibility. Animal models are consistent with a role for this subtype in
nicotine dependence and aversive behavior. We generated a3p4-nAChR-expressing SH-EP1 cell
lines using stable transfection with pcDNA3.1zeo and pcDNA3.1hygro vectors, followed by
selection of resistant monoclones. Highly-functional monoclones were identified by measuring
nAChR-mediated 86Rb+ efflux. One of the monoclones was selected for developing an (HTS)-
ready 384-well format assay using FLIPR membrane potential sensing dye. The assay was
optimized by fine-tuning several assay conditions including, but not limited to, cell seeding
density, incubation time following cell seeding, plate type, dye dilution, dye incubation time,
drug addition times and volumes, and data capture time. The optimized assay produced robust
(Z’ scores ~0.8), reproducible (signal CV values in range of 4.3 - 7.6 %), nAChR mediated
(could be blocked by the non-competitive antagonist mecamylamine) signals. This performance



exceeds that required for acceptance by NIH MLPCN (Z’ >0.5 and CV mean signal + 3SD. An
agonist/PAM hit rate of =1% was observed, with excellent run-to-run reproducibility (25 hits in
common across 2 runs, 1 unique hit per run). In antagonist mode, in the presence of EC90
nicotine, hits were identified as < mean signal + 3SD. A total of 36 hits were identified (1.6% hit
rate), also with excellent reproducibility. Using 86Rb+ efflux as an orthogonal assay, we
confirmed 44 of the 62 total prospective hits identified across both the agonist and antagonist
testing modes (a healthy 71% hit-confirmation / validation rate). Most compellingly, three
structurally-related compounds were confirmed to have previously-unappreciated PAM activity
on a3pB4-nAChR. These data serve to validate the completed assay’s suitability for use in HTS.
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Abstract: Nicotinic excitation in neocortex is mediated by low-affinity a7 receptors and by
high-affinity a4p2 receptors. There is evidence that a7 receptors are synaptic, but it is unclear
whether high-affinity receptors are activated by volume transmission or synaptic transmission.
To address this issue, we characterized responses of excitatory layer 6 (L6) neurons to
optogenetic release of acetylcholine (ACh) in cortical slices. L6 responses consisted in a slowly
decaying a4fp2 current and were devoid of a7 component. Evidence that these responses were
mediated by synapses was 4-fold. 1) Channelrhodopsin-positive cholinergic varicosities made
close appositions onto responsive neurons. 2) Inhibition of ACh degradation failed to alter onset
kinetics and amplitude of currents. 3) Quasi-saturation of 042 receptors occurred upon ACh
release. 4) Response kinetics were unchanged in low release probability conditions. Train
stimulations increased amplitude and decay time of responses and these effects appeared to



involve recruitment of extrasynaptic receptors. Finally, we found that the a5 subunit, known to
be associated with a4B2 in L6, regulates short-term plasticity at L6 synapses. Our results are
consistent with previous anatomical observations of widespread cholinergic synapses and
suggest that a significant proportion of these small synapses operate via high-affinity nicotinic
receptors.
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Abstract: The hippocampal formation plays an important role in learning, memory and
attention. The normal development and mature function of this compound brain region depends
on cholinergic neurotransmission mediated by the nicotinic class of acetylcholine receptor
(nAChR). We have recently demonstrated in CD1-strain mice that the a4p2* isoform of nAChR
mediates direct inward currents and facilitates excitation in principal (pyramidal) neurons of the
hippocampal formation sub-region known as the cornu ammonis area 1 (CA1). This signaling is
developmentally regulated with the greatest magnitude of a4p2* nAChR responses occurring
during the first two weeks of postnatal life. As the hippocampal formation also comprises the
cornu ammonis area 3 (CA3), dentate gyrus (DG), subiculum (SUB) and entorhinal cortex (EC),
we sought in this current study to characterize a432* nAChR function within the principal
neurons of these sub-regions during the first two weeks of mouse postnatal development. Whole-
cell electrophysiological responses to acetylcholine (ACh) were recorded for visually-identified
principal neurons of the CA1, CA3, DG, SUB and EC layer VI (EC-VI) within acute brain slices
collected from male CD1 mice between postnatal days 5 and 10. Recordings were made in the
presence of atropine to block muscarinic acetylcholine receptors and methyllycaconitine to block
a7 subunit-containing nAChRs, in order to isolate pharmacologically 04p2* nAChR responses.
We found that the magnitude of a4B2* nAChR responses varied across sub-regions of the
hippocampal formation. Principal neurons in the SUB and EC-VI exhibited greater inward
currents and a greater rise in membrane potential in response to 04p2* nAChR activation when



compared with neurons in the CA1, CA3 and DG. Within the hippocampus proper, principal
neurons in the CA1 exhibited greater inward currents compared with both the CA3 and DG sub-
regions. Interestingly, even though the magnitude of inward currents mediated by a4f32*
nAChRs varied significantly across the hippocampal formation, we found no differences in the
ability of ACh to accelerate action potential firing frequency among these sub-regions. Our
findings demonstrate that functional a4p2* nAChRs are present in principal neurons of the
hippocampal formation in young postnatal mice and that the characteristics of their responses to
ACh vary across sub-regions of this compound brain region.
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Abstract: Curcumin, a polyphenolic compound isolated from the rhizomes of Curcuma longa
(turmeric), has been shown to exhibit a wide range of pharmacological activities including
treatments of Alzheimer’s disease, and cystic fibrosis, and inflammation. Although mechanisms
of these effects are largely unknown, several types of voltage-gated ion channels and transporters
have been suggested to be involved in mediating pharmacological actions of curcumin. However,
the effects of curcumin on ligand-gated ion channels have not been described earlier. In this
study we have investigated the effect of curcumin application on the functional properties of
human a7-nicotinic acetylcholine (nACh) receptors. cRNA encoding for homomeric human a7-
nicotinic acetylcholine (nACh) receptors were expressed in Xenopus oocytes. lon currents
mediated by the activation of nACh receptors were recorded using two-electrode voltage clamp
method. Our results indicated that curcumin caused a significant potentiation of nACh receptor-
mediated ion currents. The effect of curcumin (0.1 to 10 uM) was reversible and gradually
reached a steady-state level within 10 min application time. Maximal amplitudes of currents
activated by 100 uM ACh were significantly enhanced by curcumin in a reversible and
concentration-dependent manner. In earlier studies, agonists of a7-nACh receptors have been
shown to have therapeutic effects on Alzheimer’s disease and inflammation. Therefore, our



results suggest that potentiation of a7-nACh receptors by curcumin can mediate some of its
therapeutic actions in Alzheimer disease and inflammation.
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Abstract: Anxiety disorders are among the most prevalent of mental disorders in modern
society. The anxiety response is a normal and advantageous reaction to a stressor but disorders
can develop when individuals cannot return to baseline once the stressor has resolved. Current
treatments for individuals suffering from anxiety disorders only temporality relive the symptoms
without treating the cause, due to a lack of full understanding of the biological underpinnings of
anxiety. Additionally, many anxiety sufferers self-medicate by smoking, suggesting a novel role
of the cholinergic system in anxiety modulation. We are using a candidate gene approach to
uncover these underpinnings, focusing on the role of a cholinergic modulator, lynx2, highly
expressed in the basolateral aspect of the anxiety structure, the amygdala (BLA). Lynx2 proteins
bind to and suppress cholinergic receptors (nAChRs). Consistent with its high expression, mice
lacking lynx2 (lynx2KO), demonstrate elevated anxiety levels across several assays (light-dark,
open-field, etc.). We hypothesize that experience-dependent plasticity in the amygdala plays a
role in the return to baseline state, and that this is subject to cholinergic modulation. To address
this we are performing behavioral pharmacological studies in lynx2KO mice to measure anxiety
responses along with electrophysiology studies. Sensitivity to nicotine is augmented in lynx2KO
mice in both the light/dark assay and slice physiology. Further investigations into the specific
nAChR subtypes are being conducted with several specific inhibitors and uncovering a shift in
receptor subtype without lynx2 presence, suggesting a role for lynx2 in receptor subunit



composition. Synaptic plasticity is altered in the BLA between wild-type and lynx2KO mice and
normalcy could be restored by pharmacological manipulation of nAChRs. These data suggest
that addressing synaptic plasticity may be a promising avenue by which to return individuals
back to baseline states. To address this further, fear extinction is being used to assess
modification of the fear response over time. Understanding of how amygdalar output can be
altered by lynx and cholinergic pathways could help in the development of treatments for anxiety
disorders such as PTSD.
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Abstract: Diisopropylfluorphosphate (DFP) is a toxic organophosphorous compound, which
produces neurodegeneration. Post-application of the neuroprotective compound 4R-cembranoid
(4R) ameliorates this damage. In vitro, the population spike (PS) of the hippocampal slice is
decreased by DFP and recovered by post-application of 4R. The protective activity of 4R is
triggered by the inhibition of the alpha7 nicotinic acetylcholine receptor (nAChR). A study of
neuroprotection produced by fourteen 4R analogues - using the hippocampal slice model -
produced a preliminary pharmacophore; which suggested that two hydrophobic regions in the
cembranoids molecule are responsible for binding to the receptor and an electronegative atom
forms a hydrogen bond with the receptor, which effects receptor inhibition. The purpose of the
present work was to further characterize the structure-activity relationship between cembranoid
molecular structure and their protective activity against DFP using the hippocampal slice
preparation. Concentration-effect curves (nM - uM) were obtained for 21 cembranoids.



Seventeen analogues displayed standard curves, which were fitted to the four-parameters logistic
equation. The most potent analogue had an EC50 of 0.6 nM and a maximum effect of 77% PS
recovery; the least potent analogue had an EC50 of 2.3 uM and a maximum recovery of 120%;
there was no correlation between the EC50 and maximum recovery values. These observations
are consistent with the preliminary pharmacophore assumption that the binding and the
inhibitory regions are located in different parts of the cembranoid structure. The four remaining
analogues displayed a complex behavior; protective activity was seen at low and at high
concentrations, but not at intermediate concentrations. Thus the ideal neuroprotective
cembranoid must display high affinity and efficacy at the inhibitory site and low affinity for the
positive modulator site.
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Abstract: Dopamine (DA) neurons of the Ventral Tegmental Area (VTA) show two different
firing patterns : a regular pattern associated with a tonic (constant and low) release of DA in the
target structures; and a « burst » pattern associated with a phasic release of DA and involved in



reinforcement learning and reward prediction. Previous studies in the lab have identified the 2-
containing nicotinic acetylcholine receptor (B2*nAChR) as a major player of the bursting activity
: nicotine injection switches the activity of the DA neuron from tonic to phasic, while deletion of
the B2 subunit results in DA neurons that only fire tonically and don’t respond to nicotine.
Assessing the precise role of the B2nAChR in the formation of bursts and in behavioral decision
making processes requires methods for the acute, reversible control of this receptor subtype at
time scales compatible with synaptic transmission. To this aim, we are developing new
technologies for the optical control of specific nAChR subtypes in vivo. Notably, we have
engineered a B2-containing, light-inhibited nAChR (B2*LinAChR). This designed receptor
presents at its surface a free cysteine amino-acid for the anchoring of a chemical photoswitch.
The photoswitch Maleimide-Azobenzene-HomoCholine (MAHoCh) is made of three
components: a Maleimide group for bioconjugation to the cysteine mutant, an Azobenzene
photoswitch that can be photoisomerized between its cis and trans states using violet and green
light, respectively, and a Homo-Choline competitive antagonist. After covalent attachment of
MAHoCh, B2LinAChRs respond normally to nicotine and acetylcholine, but can be rapidly
antagonized using violet light (390 nm). [llumination with green light (520 nm) withdraw the
homocholine group from its binding pocket, and restores the function of f2*nAChRs. We are
using a lentiviral vector strategy to express B2*LinAChRs selectively in the VTA. Patch-clamp
recordings of VTA DA neurons show that LinAChRs can be used to optically inhibit nicotinic
inputs to the VTA. Furthermore, using in vivo extracellular recordings, we show that
B2*LinAChR can be used to rapidly and reversibly modulate not only the spontaneous bursting
activity of DA neurons, but also the bursts induced by intravenous injection of nicotine. Our
findings establish a causal role for B2*nAChRs in regulating the excitability of VTA DA
neurons.
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Abstract: Neuronal nicotinic acetylcholine receptors (nAChRs) are highly expressed in the
visual system. Increasing attention has been given to a6-containing nAChRs as they have a
limited distribution in the brain but are highly and selectively expressed in the mesocorticolimbic
and visual pathways. In particular, a6B2 nAChRs are present in the retinal ganglionic cell layer,
in the optic nerve and in retina terminals but their physiological role is not well known. We have
identified and characterized a family of toxins that are selective antagonists for the 0632
receptors. We used one of these toxin (M2E11R, m.w.=1738), to investigate the impact of a6-
containing nAChRs, on visual function in male Long-Evans rats. Visual function was assessed
using flash/pattern (F-ERG and P-ERG) electroretinogram and cortical visual evoked potential
(VEPs), after intraocular injection of M2E11R in one eye (1uM), using the vehicle injected
contralateral eye as the control. We first used dark (scotopic) and light (photopic) adaptation to
record F-ERG responses. Alternating gratings of different spatial frequencies and contrast were
used to evoke VEPS and P-ERG. Moreover, the localization of a6-containing receptors in retinal
tissue was performed using a fluorescently tagged M2E11R (Alexa Fluo 488) toxin. Our results
demonstrate that no significant differences in scotopic and light-adapted F-ERG were found
between toxin injected and control eye. In contrast, P-ERG response amplitudes evoked at 0.5
Hz or 4 Hz stimulation frequency showed a significant reduction in the toxin injected eye.
Blocking a6-containing receptors at retinal level, also decreased VEPs amplitude recorded at
different spatial frequencies in the visual cortex of contralateral injected eye. Moreover, using
the fluorescently tagged toxin, we found a predominant distribution of labeling at the level of the
ganglion cell layer. Our findings indicate that blocking a6-containing receptors leads to reduced
visual function. Since both the cortical and inner retina output were affected by the toxin
injection, whereas the photoreceptors output is preserved, we conclude that the reduced visual
response resulted from altered function of a6-containing receptors specifically present in the
ganglion cell layer.
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Abstract: Habitual chewing of "betel nut" preparations constitutes the fourth most common
human self-administration of a psychoactive substance after alcohol, caffeine, and nicotine. The
primary active ingredient in these preparations is arecoline, which comes from the areca nut, the
key component of all such preparations, along other components such as betel vine leaves or
flowers, slaked lime, and about 50% of the time, tobacco. Betel nut effects are usually
characterized as being like drinking strong coffee, but an objective observation of betel users
might suggest other dominant actions; most striking is the production of copious amounts of
saliva, of a bright red color, staining the lips and gums. Arecoline is known to be a relatively
non-selective muscarinic partial agonist, accounting for many of the overt peripheral and central
nervous system effects. This muscarinic activity, however, is not likely to account for the
addictive properties of the drug. We have discovered previously unknown effects of arecoline on
select nicotinic acetylcholine receptor (nAChR) subtypes, including the two classes of nAChR
most related to the addictive properties of nicotine, receptors containing a4 and B2 subunits and
those which also contain a6 and 3 subunits. Expression of a6 and 3 subunits is largely
restricted to dopaminergic neurons associated with nicotine reward. Arecoline is a partial agonist
with about 6-10% efficacy for the 04* and a6* receptors expressed in Xenopus oocytes.
Additionally, arecoline is a silent agonist of a7 nAChR; while it does not activate a7 receptors
when applied alone, it produces substantial activation when co-applied with the PAM PNU-
120696. Methacholine and, to a lesser degree, Oxotremorine are also a7 silent agonists, while
muscarine is not, providing insight into the structural requirements for a7 silent agonism. Some
a7 silent agonists are effective inhibitors of inflammation, which might account for published
reports of anti-inflammatory/immunosuppressive effects of arecoline. Recent epidemiology has
indicated that long-term use of betel preparations is a major cause of oral cancer and other
diseases of the mouth. Arecoline's activity on nAChR associated with addiction may account for
the habitual use of areca nut preparations in spite of the well-documented risk to personal health.
This common link between betel and tobacco suggests that partial agonist therapies with cytisine
or the related compound varenicline may also be used to aid betel cessation attempts.
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Abstract: Although both opioids and nicotine have their own specific mechanisms of action,
there is empirical and experimental evidence of in vivo and in vitro interactions between these
drugs. Our previous in vitro studies in cell lines suggested that morphine acts as a partial agonist
at a4P2 nicotinic acetylcholine receptors (nAChRs) and as a weak antagonist at a3* nAChRs,
whereas methadone acts as an agonist at a7 nAChRs and a non-competitive antagonist at o432
and a3* nAChRs. Next we wanted to study the effect of the sub-chronic nicotine or opioid
treatment on 3H-epibatidine binding in SH-EPI-ho432, SH-EPI-ha7 and SH-SYSY (expressing
a3* and a7 nAChRs) cell lines. The cell cultures were treated for 3 days either with 1 and 10 uM
nicotine, methadone or morphine. On the day of assay, cultures were washed for 3x10 min with
warm medium; then incubated for 3 h at 37°C before a final wash with warm PBS to remove all
traces of drugs from the cultures. Homogenates were prepared and saturation binding assays
were conducted as previously described in Talka et al. 2013. Nicotine (10 pM) upregulated 3H-
epibatidine binding sites in all cell lines studied, confirming earlier well established paradigm.
Both methadone and morphine upregulated the epibatidine binding sites in SH-EPI-ha7 and SH-
SYSY cell lines, the effect being more prominent at the SH-EPI-ha7 cell line with the dose of 10
uM. On the other hand, in SH-EPI-ho42 cell line both methadone and morphine downregulated
the epibatidine binding sites, and the effect of sub-chronic morphine was especially pronounced
in this cell line. These results add further strength to the notion that nicotine and opioids have
indeed receptor-level interactions in in vitro settings.
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Abstract: The activation of a7 nicotinic acetylcholine receptors (nAChRs) has been shown to
improve hippocampal-dependent learning and memory. a7 nAChRs are widespread among
different cell types in the hippocampus. However it is not known if a7 nAChRs mobilize
differential signaling mechanisms within the same cell type or among distinct neuronal
populations. Recently, we observed a7 nAChR-mediated cAMP rises using a FRET-based
biosensor (TEpacVV) in cultured hippocampal neurons. Here, we are going to probe a7
nAChR’s differential effects by employing CRE-dependent transgenic mouse lines. We created
an AAV virus containing either an improved cAMP sensor (higher sensitivity and smaller size
for better distribution) or GCaMP6s in a floxed configuration. We observed that the biosensor
expression pattern was in fact limited to granule cell populations after infection of cultured
hippocampal slices from these POMC-cre (dentate granule cells specific cre line) mice with the
AAV virus. We found that application of the a7 nAChR-selective agonist choline (2 mM; in the
presence of the a7 nAChR positive allosteric modulator PNU-120596 (5 uM)) induced a
significant change in the YFP/CFP ratio in granule cell bodies, which indicated an increase in
intracellular cAMP levels. GCaMP6 imaging revealed robust calcium rises induced by choline
and PNU-120596 application in most granule cells. We will determine the heterogeneity of a7
nAChR-induced calcium responses in future analysis. To determine the differential effects of a7
nAChR activation among cell types, we will compare a7 nAChR agonist-induced calcium and
cAMP changes between granule cells (POMC-cre) and GABAergic neurons (GAD-cre). We will
correlate the changes in cAMP levels with the change of calcium and level of calcium-dependent
adenylyl cyclases (ACs). Our findings may provide better understanding of the complex
molecular mechanisms of the positive cognitive effects of a7 nAChR agonists in the brain, and
strategies for the development of therapeutic treatments for cognitive impairments.
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Abstract: Many compounds allosterically modulate neuronal nicotinic acetylcholine receptors
(nAChRs), and novel modulators continue to be developed for use in pathologies involving
nAChRs, such as nicotine addiction. We study nicotinic receptors heterologously expressed in
Xenopus oocytes, primarily by electrophysiology. We showed that a pocket in the B(+)/a(-)
interface of mammalian a32 nAChRs, homologous to the canonical ACh [a(+)/B(—)] site, is a
novel binding site for the anthelmintics morantel and oxantel. We have identified several
residues necessary for constituting this binding site and determining its specificity; the
anthelmintics generally potentiate a3-containing receptors but inhibit a4-containing receptors.
We hypothesize that discrete interactions between the C loop of the 2 subunit and residues on
the a3(—) face direct selectivity between morantel and oxantel. Co-expressing mutant 2 subunits
with a cysteine substitution in the C loop and a paired a3(—) cysteine mutant yields receptors
with efficacy susceptible to modification by oxidation and reduction. We have studied a total of
eight double-cysteine mutant pairs, combining two positions at the tip of the 2 C loop and four
positions in the a3(—) face. Importantly, for a subset of these, the single a3(-) cysteine
substitution (e.g. a3K55CB2) does not show modulator selectivity, but a double cysteine mutant
(e.g. a3K55CB2S192C) does. We are extending this analysis to oxidation/reduction
perturbations. We predict these experiments will show that the presence of modulator during
oxidation treatment prevents disulfide trapping either through steric occlusion or movement of
the cysteines to positions unfavorable for reaction, or promotes disulfide bond formation by
minimization of the separation of the cysteines. These discrete contacts may differ for morantel
and oxantel, thereby contributing to the modulator specificity differences.
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Abstract: The alpha7 nicotinic acetylcholine receptors (nAChRs) are homomeric ligand-gated
ion channels expressed in brain regions of key importance for cognition, such as the prefrontal
cortex and the hippocampus. Through modulation of neurotransmitter release these receptors are
hypothesized to be essential for neurotransmission underlying higher cognitive functions, such as
memory and attention (Lendvai et al., 2013). Additionally, altered expression and function of
alpha7 nAChRs has been linked to various brain disorders such as schizophrenia (Freedman et
al., 1995) and Alzheimer’s Disease (Parri et al., 2011). These observations have formed the
hypothesis that cognitive functioning can be improved by pharmacologically augmenting alpha?7
nAChR function, thus making this receptor subtype a highly investigated drug target (Dineley et
al., 2015). Employing in vitro and in vivo assays we have here investigated two alpha7 ligands of
different pharmacological classes: EVP-6124 is an alpha7 agonist (Prickaerts et al., 2012),
whereas JNJ-39393406 is an alpha7 positive allosteric modulator (PAM) (Winterer ef al., 2013).
Using two-electrode voltage clamping in Xenopus oocytes expressing human alpha7 nAChRs
EVP-6124 was confirmed to be an agonist: at +10 nM EVP-6124 evokes a current response at
the alpha7 nAChR and at 1 and 3 nM EVP-6124 has co-agonistic properties by potentiating
ACh-evoked (30 M) responses. JNJ-39393406 was found to be a potent and efficacious alpha7
PAM with ECsp = 6.3 uM at 30 uM ACh. The pro-cognitive potential of the compounds
(0.1/1/10/100 mg/kg) were investigated in the mouse T-maze continuous alternation task (T-
CAT) with acute PCP as a disrupter and the rat novel object recognition task (NOR) using a
natural forgetting paradigm. At 0.1, 1 and 10 mg/kg EVP-6124 increased alternation scores,
whereas only 10 mg/kg increased NOR performance. JNJ-39393406 improved T-CAT
performance at only 0.1 and 100 mg/kg, and NOR performance at 1 and 100 mg/kg. This
indicates that both compounds can enhance cognitive ability in rodents: EVP-6124 at defined
dose ranges, whereas JNJ-39393406 displays a U-shaped dose-response curve. Finally,
modulation of local field potentials by EVP-6124 and JNJ-39393406 in rat cortex in various
auditory paradigms was investigated as measured by electroencephalogram electrodes. In
summary, our findings demonstrate distinct pharmacological profiles of EVP-6124 and JNJ-
39393406 on the molecular, synaptic, as well as behavioral level.
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Abstract: Recent evidence suggests that the nicotinic cholinergic system represents a target for
antidyskinetic therapy in Parkinson's disease. Several studies show that the general nicotinic
acetylcholine receptor agonist nicotine, as well as drugs acting at 2 or a7 nicotinic receptors,
reduce levodopa-induced dyskinesias 60-70% in parkinsonian nonhuman primates, with no
worsening of parkinsonism. Here we used parkinsonian monkeys to test the antidyskinetic effect
of ABT-126, a novel a7 nicotinic receptor drug that has demonstrated an efficacy signal in a
phase 2 study for Alzheimer’s disease. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned
monkeys were gavaged with levodopa (10 mg/kg)/carbidopa (2.5 mg/kg) twice daily. They were
then given ABT-126 or vehicle orally 30 min before levodopa twice daily for 1-2 wk at each
ABT-126 dose. A third group of monkeys was given nicotine as a positive control. ABT-126
(0.03, 0.10, 0.30 and 1.0 mg/kg) administration resulted in a dose-dependent decline in
dyskinesias with ~60% decrease. A comparable reduction in dyskinesias was observed with both
the morning and afternoon levodopa dose, with the latter associated with higher dyskinesia
scores. There was no effect of ABT-126 on parkinsonism or cognition. No emesis was observed,
a problem with other nicotinic receptor drugs. The effect of ABT-126 was relatively long-lasting,
with a 6-week drug discontinuation period required for dyskinesias to return to the levels
observed in vehicle-treated monkeys. These data suggest that the novel a7 nicotinic receptor
agonist ABT-126 may be useful for the treatment of dyskinesias in Parkinson's disease.
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Abstract: L-dopa-induced dyskinesias (LIDs) are a serious complication of L-dopa-therapy for
Parkinson's disease for which the neuronal circuitry and cellular mechanisms remain elusive.
Recent work suggests a role for the cholinergic system as studies show that treatment with
nicotinic cholinergic receptor (nAChR) drugs and ablation of cholinergic interneurons (Chls)
reduce LIDs in parkinsonian animals. Here we used optogenetics as an approach to examine the
link between ChlI activation and the expression of LIDs. For these studies, transgenic mice
expressing cre-recombinase under the control of the choline acetyltransferase promoter (ChAT-
cre mice) were lesioned by unilateral injection of 6-hydroxydopamine into the medial forebrain
bundle. Two to four weeks later, AAV-DIO-ChR2-eYFP or DIO-eYFP was injected
intrastriatally to elicit expression of ChR2-eYFP or eYFP in Chls and optical fibers were
implanted for in vivo stimulation. Mice were rendered dyskinetic by once daily injection of L-
dopa. Three to four weeks were allowed for stable expression of the virus and L-dopa induced
abnormal involuntary movements (AIMs). The mice were then subjected to various stimulation
protocols (0.001 s to 20 s laser on, followed by 0.5 s laser off) while dyskinetic for a 2 h period.
None of the stimulation regimens affected L-dopa-induced AIMs in mice expressing control
virus. In mice expressing ChR2, shorter duration stimulation of 0.001 or 0.005 s enhanced L-
dopa-induced AIMs compared to the unstimulated condition. By contrast, longer duration
stimulation of 0.02 s resulted in a ~50% reduction in AIMs with comparable results with 1 s and
20 s stimulation. This decline in AIMs with light stimulation was similar to our previously
observed decrease in L-dopa-induced AIMs with nicotine treatment. Thus, we next tested if the
stimulation-induced changes in L-dopa-induced AIMs were nAChR-mediated. The general
nAChR antagonist, mecamylamine blocked the decline in AIMs with longer (0.020 s)
stimulation but not the increase observed with shorter (0.005 s) duration stimulation. In addition,
parkinsonism on or off L-dopa was not affected by any of the stimulation paradigms suggesting
that cholinergic transmission primarily regulates the expression of L-dopa-induced AIMs. In
summary, shorter duration stimulation protocols that result in small bursts of acetylcholine
increased L-dopa-induced AIMs, while longer duration stimulus protocols that lead to more
prolonged acetylcholine release reduced AIMs. Overall, these results suggest that striatal Chls
play a critical role in LIDs and support the idea that decreases in LIDs occur via nAChR
desensitization.
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Abstract: The prefrontal cortex (PFC) is integral for high order cognitive processes that can be
modulated by cholinergic inputs via nicotinic acetylcholine receptors (nAChRs). Using in vivo
two-photon imaging of awake mice, combined with network modeling, we show that nAChRs
subtypes strongly, but differentially, regulate layer II/III pyramidal neuron activity. Both the
interneuron-specific a7 and B2 subunits modulate pyramidal neuron activity by altering their
inhibitory control. Efficient lentiviral vector-mediated re-expression of functional B2-subunit-
containing nAChRs in PFC neurons of 2 knock-out (KO) mice rescued the neuronal activity to
the levels of wild-type mice. We also demonstrate that the B2 subunit is specifically required for
synchronized activity patterns. The local generation of sustained activity in neural networks of
the cerebral cortex is associated with a striking balance of recurrent excitation and inhibition and,
according to our data, this balance is disrupted in the B2 KO neural populations. Furthermore,
mice expressing the human single nucleotide polymorphism (SNP) rs16969968 of the a5
subunit, which predisposes to nicotine addiction and schizophrenia, exhibit loss of pyramidal cell
activity similar to a5 KOs. Our data suggest that interneuron specific expression of distinct
nAChR types enables a diverse and bidirectional regulation of cortical activity and could provide
a mechanistic basis for understanding the pathophysiology of genetically linked psychiatric
disorders, as well as for identifying drug targets.
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Title: Circuit level mechanisms enable the control of prefrontal cortex activity by nicotinic
receptors
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Abstract: Neurons in the prefrontal cortex (PFC) and its sub-areas receive significant
cholinergic innervation, and a proportion expresses nicotinic acetylcholine receptors (nAChRs).
By using in vivo two-photon imaging of awake mice, we showed that nAChR subtypes expressed
only by interneurons in layer II/I1, strongly modulate pyramidal neuron activity. In order to
determine the specific circuit level mechanisms for such interneuron specific and nAChR type-
specific bidirectional regulation of cortical activity we developed a minimal computational
model of the local PFC circuitry. The model was built in order to implement the firing rate time
evolution seen in the pyramidal and interneuronal populations of the wild type mice prefrontal
cortex. Model parameters were fitted in order to yield the up and down state properties seen
experimentally in the different neuronal types. We further incorporated nicotinic receptors
models located on specific interneurons in the circuit. Three different subtypes of interneurons
were explicitly modelled, in order to reproduce the effects of the different nicotinic subunits. In
the model, the Parvalbumin interneuronal population expressed o7 nicotinic subunits, and
interacted with the pyramidal population through substractive inhibition. The Somatostatin
interneuronal population expressed a7 and 2 nicotinic subunits, and interacted with the
pyramidal population through divisive inhibition. The VIP interneural population expressed a5
nicotinic subunits and targeted both Parvalbumin and Somatostatin interneuron populations
through substractive inhibition. The model allowed us to account for the the firing rate changes
and up-down states transitions seen experimentally in the knock out animals for the a7, a5 and



2 nicotinic subunits. Analysis of the model allowed us to identify specific contributions of each
receptor subtype to the control of the sustained activity dynamics. Our modeling pin-points
specific points of entry for the pleotropic mechanisms by which nAChRs control the balance of
excitation and inhibition in prefrontal cortical circuits. This approach allows us to delve into the
role of nAChRs in the dynamic neural mechanisms underlying fronto-cortically dependent
cognitive phenomena such as working memory, attention and cognitive control as well as in
fronto-cortical pathologies.
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Abstract: A major challenge in the development of large-scale cortical network models is to
implement area-to-area interactions allowing elucidation of dynamical operations in a
biologically constrained manner. These interactions are anatomically organized in a laminar
specific manner: feedforward projections preferentially stem from superficial layers, whereas
feedback projections originate chiefly from deep layers. Feedforward interactions transmit
sensory information to higher brain areas, while feedback interactions may mediate a
prediction/expectation signal or top-down attentional modulation of early sensory areas.
Quantitative data on laminar-dependent inter-areal connectivity of the macaque cortex have
become available only recently. We have incorporated these data in a large-scale dynamical
model of the primate cortex endowed with weighted and directed connectivity. Each cortical area
is modeled with a superficial and a deep layer. Based on recent physiological evidence, we
modeled excitatory and inhibitory neural populations in each layer, with local properties that
generate noisy gamma oscillations in the superficial layer and alpha oscillations in the deep
layer. Furthermore, the interactions between the two layers are guided by anatomical and



physiological data, with specific superficial-to-deep and deep-to-superficial projections that
allow to explain experimental observations of phase-amplitude coupling. We calibrated the
model by simulating physiological observations that feedforward interactions are associated with
oscillations in the gamma band (40-80Hz), while feedback interactions relate to lower
frequencies, in the alpha or low beta frequency range (8-20 Hz). Using Granger causality to
establish the directionality of information flow, the model reproduces the observed functional
hierarchical order of visual areas (Bastos et al. Neuron 2015). The model identifies several
properties of feedback projections as a key factor to explain these hierarchical dynamics, in
particular the specific pattern of feedback projections to a target area. We further discuss the
usefulness of functional hierarchies to reconstruct structural properties of cortical connectivity.
Our results represent a step forward in the advance of a quantitative model of the primate large-
scale cortical system.
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Abstract: Sharp wave-ripple complexes are thought to play a major role in memory reactivation,
transfer and consolidation. However, the large-scale cooperative mechanisms associated to these
episodes and their relationship to the observed SPW-R electrical signature remains largely
unknown. A better understanding of the underlying mechanisms of these interactions requires a
finer characterization of the SPW-R phenomenon and its associated brain-wide signatures. To
address this question, we hypothesize that SPW-R dynamics vary, reflecting distinct interactions
with neocortical and subcortical systems depending on the state of the animal. Specifically, the
wide-range network reconfiguration required by this process may bring different electrical
signatures of SPW-Rs, thus reflecting different memory-related functional roles. Using
concurrent hippocampal local field potentials (LFP) recordings and functional Magnetic



Resonance Imaging (fMRI) in anesthetized macaques, we study local changes in neuronal
activity during SPW-R episodes and their brain-wide correlates. After detecting SPW-R episodes
based on power increases in the ripple frequency band (80-180 Hz), analysis of peri-event SPW-
R complexes reveals four well-differentiated SPW-R subtypes in the CA1 LFP. Event-triggered
fMRI maps show that SPW-R subtypes relate to differentiated multi-structure activity (MSA).
We found that ripples aligned to the positive peak of their SPWs were associated with
significantly higher BOLD up-regulations within the hippocampal formation, and in cortical
associative areas (namely, anterior cingulate cortex, retrosplenial area, prefrontal, temporal and
parietal cortices), as compared to ripples occurring at the trough of their SPW (p<0.01 Wilcoxon
rank-sum test, FDR-corrected with q<0.05). Conversely, detailed analysis of all subcortical
domains revealed differentiated BOLD activations in locus coeruleus (LC) and dorsal raphe
nucleus (p<0.002, pairwise Wilcoxon rank-sum test, FDR-corrected with q<0.05), suggesting
that emergence of different SPW-R signatures may be influenced by state-dependent
neuromodulatory inputs of differentiated nature into the hippocampal formation. Altogether, our
results suggest that the variability of CA1 SPW-R episodes reflect different levels of activation
over cortical and subcortical domains. We hypothesize that these distinct patterns of SPW-R
complexes reflect brain-wide cooperative events, possibly involved in different memory-related
functions.
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Abstract: The canonical cortical interneuron circuit involving cardinal interneuron populations
is becoming clear. Two major neocortical interneuron populations defined by expression of
somatostatin or vasoactive intestinal peptide powerfully inhibit each other while inhibitory
connections within these populations are highly infrequent. We used quadruple patch clamp
recordings in triple-transgenic mouse brain slices to obtain synaptic parameters and network
statistics of these and other previously undocumented synaptic connections among genetically



defined interneuron populations and pyramidal cells. Our results show multiple specializations
for well-organized competition between interneuron populations as well as cooperativity within
populations. /n vivo calcium imaging data indicates that these forces are at play in the awake
brain as well as in slices, resulting in a high tendency for coactivity within interneuron
populations. Supported by the NEI (ROIEY011787) and the HFSP.
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Title: Neuronal connectivity at resting-state decreased in cortex induced by cocaine
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Abstract: Neuroplastic changes in the cortex are implicated in the behavioral disruption
observed with substance use disorders. Imaging of functional brain connectivity during the
resting-state is increasingly utilized to investigate how drugs affect systems-level brain networks.
Although resting-state MRI has provided significant new knowledge on the changes in functional
brain connectivity induced by cocaine, it is still a challenge to directly image temporal changes
in neuronal activity, which is important when investigating the effects cocaine, which not only
affects neuronal activity but also has direct vasoactive effects. Here, we present our optical
imaging technique in combination with the genetic calcium labeling (GCamp6f) to study the



neuronal Ca activities in sensorimotor cortex at resting-state; we assessed connectivity across
different cortical regions and layers and evaluated cocaine’s effects in the connectivity patterns.
Two groups of animal were used: Group 1 (n=5), we virus-delivered GCamp6f into the forepaw
(FP), hindpaw (HP) and barrel (BC) cortex in Layer II-III (~ 250um depth), whereas in Group 2
(n=6), the GCamp6f was injected in Layer [V-V of the same cortex (~ 500um depth). Four
weeks late, the animals were imaged with optical/fluorescence imaging (OFI) to simultaneously
record the neuronal Ca2+ changes along with the spontaneous hemodynamic fluctuations in the
cortex from baseline to cocaine. We also compared the effects in different cortical layers. Our
results showed that, the autocorrelations in local FP, HP or BC areas at resting-state were >80%
in both upper and deeper cortical layers, thus indicating that local neuronal activities were highly
correlated. The cross-correlations between FP, HP and BC cortices were ~70% in the baseline
and decreased after cocaine in upper layers (Layer II-III). Specifically, the cross-correlations of
BC vs FP, BC vs HP were decreased ~53% (i.e., from 0.7740.05 to 0.36+0.1, p=0.006) and
~48% (i.e., from 0.76%0.09 to 0.4+0.1, p=0.008), respectively, and those between FP and HP
were decreased ~21% (i.e., from: 0.88+0.03 to 0.69+0.07, P=0.04) after cocaine in the upper
cortical layers. Interestingly, the cross-correlations between different areas in the deeper cortical
layers were not changed after cocaine. The reductions in cross-correlation indicates that neuronal
functional connectivity was decreased by cocaine, which might contribute to impaired processing
of cortical information during cocaine intoxication.
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Abstract: We combine experimentally verified models of neocortical-neuron voltage dynamics
and network connectivity to derive a framework that describes activity at a tissue scale. The
resulting description represents a neuronal field theory in which emergent properties at the
coarse-grained level can be causally linked to the physiology of cellular and sub-cellular



components. The description is solvable and also straightforward to simulate, and can be
elaborated to include further biophysical details such as multiple neuronal populations to capture
the structure of the component microcircuits, synaptic dynamics and filtering as well as distance-
dependent delays in signal propagation. We demonstrate the utility of the approach by modelling
recent experimental results on the negative feedback coupling between the activity-dependent
release of the neuromodulator adenosine, its diffusion in the extracellular space and its
subsequent suppression of neocortical activity.
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Title: Relating spatial patterns of beta oscillations to their power in macaque motor cortex: a
case study in using the "Elephant" data analysis framework in a reproducible analysis workflow

Authors: *M. DENKER', L. ZEHL', B. KILAVIK?, M. DIESMANN', T. BROCHIER?, A.
RIEHLE*>"?, S. GRUN"*?;

'Inst. of Neurosci. and Med. (INM-6) and Inst. for Adv. Simulation (IAS-6), Jiilich Res. Ctr. and
JARA, Jiilich, Germany; “Inst. de Neurosciences de la Timone (INT), CNRS, Aix-Marseille
Univ., Marseille, France; *RIKEN Brain Sci. Inst., Wako-Shi, Japan; *Theoretical Systems
Neurobio., RWTH Aachen Univ., Aachen, Germany

Abstract: The unprecedented degree of complexity in electrophysiological experiments has
reached a level where well-structured data analysis workflows have become a necessity. Here we
introduce a case study that links emerging software tools to form a reproducible analysis



workflow. As a key component of such workflows, we introduce the Electrophysiology Analysis
Toolkit ("Elephant", http://neuralensemble.org/elephant/) as a recent community-centered
initiative to develop an analysis framework for multi-scale activity data based on common data
representations provided by the Neo library [Garcia et al. (2014) Front. Neuroinform 8:10].
During states of increased arousal, motor preparation, and postural maintenance, the local field
potential (LFP) in primary motor (M1) and premotor (PM) cortex typically exhibits oscillations
in the beta (12-40 Hz) range [Kilavik et al. (2012) Cereb Cortex 22:2148]. Beta oscillations
recorded on separate electrodes are often highly correlated, but exhibit a non-zero phase shift.
These shifts were shown to organize spatially in the form of planar wave propagation along
preferred directions across the cortical surface during an instructed-delay reaching task [Rubino
et al. (2006) Nat Neurosci 9:1549]. In this case study we demonstrate that in monkey motor
cortex a variety of additional spatial patterns of LFP beta activity may be distinguished outside
epochs that exhibit a clear planar wave. We recorded massively parallel neuronal activity using a
10-by-10 Utah electrode array (Blackrock Microsystems), which was chronically implanted in
M1 and dorsal PM. The monkey was trained in a delayed reach-to-grasp task [Riehle et al.
(2013) Front Neural Circuits 7:48]. Based on the instantaneous phase and phase gradients of the
beta-filtered LFP, we introduce and combine measures to identify different spatial activity
patterns: (i) planar waves, (ii) quasi-stationary states (all electrodes appear synchronized at near-
zero lag), (iii) spatially unstructured states, and (iv) more complex patterns, including circular
and radial propagation. We assess the statistical properties of the patterns, including their
duration and average direction. In particular, we relate the observed patterns to beta-spindles
identified by large instantaneous amplitudes. We find that the wave pattern correlates with the
beta power, where the peak of spindles typically coincides with a quasi-stationary state. In
combination with previous results [Denker et al. (2011) Cereb Cortex 21:2681], this raises the
hypothesis that beta power is indicative of spatio-temporal organization of spike synchronization.
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Abstract: Dopaminergic (DA) neurons in vivo are constantly bombarded by various excitatory
and inhibitory inputs. A substantial proportion of the inhibitory drive to DA neurons in ventral
tegmental area (VTA) comes from local GABA neurons, which modulates DA neuron firing and
thus the amount of released DA throughout the brain. We investigated how synchronous activity
of local VTA GABA neurons influence DA neuron firing patterns. We developed a local circuit
model of the VTA consisting of one DA neuron innervated by a population of GABA neurons.
The model was calibrated to reproduce dynamic clamp experimental results under application of
tonic NMDA and GABA receptor currents. Particularly, burst firing in the model could be
reproduced by application of NMDA or through disinhibition from GABA. Similar to the
experimental results, background firing was inhibited by tonic GABA inputs to the DA neuron;
however, phasic firing evoked by NMDA was preserved. In addition, well-established features of
DA neurons modeled before, such as high frequency response to NMDA activation but relatively
low firing rates when driven with applied current or AMPA receptor activation, were also
reproduced in the model. To better approximate in vivo conditions, we explored how networks of
GABA neurons modulate DA neuron firing. Modeling revealed that GABA neurons can
differently influence the firing pattern of the DA neuron depending on the level of
synchronization in across GABA networks. Asynchronous activity of GABA neurons in the
population provides constant level of inhibition to DA neuron and acts very similarly to the tonic
inhibition as described above. Under the combined influence of desynchronized glutamatergic
and GABA populations, the DA neuron fires with frequencies close to those observed during
background firing (in the absence of synaptic inputs) but less regularly. In contrast to
asynchronous activity, coordinated activity of synchronized GABA neurons can evoke additional
spikes in the DA neuron. By hyperpolarizing the cell membrane, GABA current decreases
intracellular Ca concentration, because activation threshold for Ca current is -50 mV. With the
drop in Ca level the calcium-dependent potassium current decreases. This leads to faster
depolarization. In contrast to tonic inhibition, when the GABA population is synchronized
inhibition becomes pulsatile providing the DA neuron an opportunity to fire between pulses. Our
simulations suggest that synchrony amongst GABA neurons seems to be a critical intermediary
that regulates DA neuron activity and, hence, DA release throughout the brain.
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Abstract: Experimental data show that alcohol consumption produces an increase of dopamine
(DA) release from dopaminergic neurons of the Ventral Tegmental Area (VTA). This brain
region, and the computational processes it performs, are crucial for processing information about
rewarding stimuli and reinforcement learning, and hence plays a central role in addiction.
Consistent with this view, rewarding events and salient stimuli each increase the firing rate of
DA neurons, which is argued to play a central role in encoding information about expected
rewards and their motivation salience. The primary goal of the current study is to describe and
explore how acute ethanol exposure alters the biophysical properties of VTA DA neurons
through a computational model of the VTA circuit. A simplified biophysical model of the DA
neuron was first implemented to explore the effects of ethanol on firing in the absence of
glutamatergic and GABAergic inputs. Towards this goal, changes in DA neuron excitability
were quantified by measuring the maximal frequencies evoked by stimuli of varying sizes.
Specifically, we show that potentiation of hyperpolarization activated, cyclic nucleotide gated
(HCN) channels and activation of GIRK channels mostly cancel each other, and thus have
opposing effects on the firing rate of the DA neuron. Furthermore, the HCN current in isolation
(when GIRK channel is blocked) mostly affects low frequency firing, but not when firing rate is
very high. Thus, these channels are not sufficient to increase the excitability of the DA neuron.
Additional simulations identified a subthreshold sodium current as a possible target capable of
increasing excitability of the DA neuron. We then investigated effects of ethanol when
glutamatergic and GABAergic inputs are included in a local circuit model composed of the DA
neuron and GABA population. As suggested by experimental data, we found that acute ethanol
effects DA neuron firing through an increase in the AMPA/NMDA ratio, potentiation of GABA
synapses on the DA neuron, and a decrease in GABA neuron firing rate. We describe how acute
ethanol produces an increase in the number of spikes in bursts by its effect on GABAergic and



glutamatergic inputs received by DA neuron. Moreover, this effect depends on the burstiness of
glutamatergic inputs on DA neuron firing when ethanol is applied. We discuss the optimal
combination of the intrinsic and network mechanisms that contribute to the excitation of the DA
neuron with the future goal of testing these hypotheses directly in experiments. This project is
funded by NIAAA grant IRO1AA022821
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Abstract: Hemodynamic-based markers of cortical activity (e.g. fMRI, optical intrinsic signal
(OIS) imaging) are an indirect report of brain function driven by electrical and metabolic activity
through neurovascular coupling. Here we extend functional connectivity (FC) analysis, a method
for mapping functional relationships using spontaneous brain activity, from hemodynamic to
Ca2+-dynamic imaging. Transgenic mice (n=5) expressing a fluorescent calcium indicator
(GCAMP3) driven by the Emx1 promoter in cortical glutamatergic neurons and glia were
anesthetized using ketaminze/xylazine and imaged transcranially. Sequential LED illumination
(A=470, 530, 590, 625nm) enabled concurrent imaging of both GCAMP3 fluorescence emission
(corrected for hemoglobin absorption) and hemodynamics. Somatosensory responses were
evoked using a 0.5mA electrical hindpaw block paradigm. FC patterns were generated for low
(0.009-0.08Hz) and high (0.2-2Hz) frequency bands. Following paw stimulation, GCAMP3
provided a response time course sensitive to individual high frequency (2Hz) pulse presentations
and preceded the stereotypical hemodynamic response function by approximately 1.5 seconds
(Fig. 1A&B). Within the high frequency band, pixelwise cross-correlation analysis of



spontaneous data revealed that GCAMP3 again preceded HbO2 by approximately 1.5 seconds
across the brain (Fig 1C&D). Furthermore, homotopic FC maps remained intact in higher
frequencies relative to HbO2 maps but had similar topography (Fig. 1E). In summary, functional
neuroimaging of Ca2+ dynamics in mice provides evidence that spatiotemporal coherence in
cortical activity is not exclusive to hemodynamics. This fast Ca2+ signal is more directly
coupled to activity at the neuronal level and likely has causal information predictive of the
downstream hemodynamic response. Concurrent Ca2+ and hemodynamic-based imaging will
enable the dissociation of changes in ionic networks, hemodynamic networks, and neurovascular
coupling and provide a framework for subsequent studies of neurological disease, such as stroke.
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Abstract: Hippocampal gamma oscillation is reported to be associated with cognitive functions,
and accumulating evidence suggest that deficit of gamma oscillation is related to cognitive



impairment in Alzheimer’s disease (AD). Recent studies suggest that post-translational
modification of histone protein via acetylation is a fundamental molecular mechanism for
regulation of synaptic plasticity and memory formation. However, little is known about roles for
histone acetylation in the hippocampal gamma oscillation. In this study, we investigated whether
histone acetylation and its downstream signaling pathway, nuclear receptor family 4a (NR4a)
regulate kainate-induced gamma oscillation by using acute hippocampal slices of AD model
mice (PS/APP transgenic mice). We found that kainate-induced gamma oscillation in the
hippocampal slices of PS/APP mice was decreased compared with that in control mice
(C57BL/6J mice or PS mice), and application of donepezil, a clinically used drug for AD
treatment, recovered the gamma oscillation. Decrease of gamma oscillation was also observed in
the hippocampal slices of aged PS mice (14 months) and that of C57BL/6J mice (3 months)
treated in vitro with amyloid beta;.4». Then, we investigated the effects of histone deacetylase
(HDAC) inhibitors (suberoylanilide hydroxamic acid (SAHA) and MS-275) and a NR4a
activator (cytosporone B) on the gamma oscillation in PS/APP mice. We found that both SAHA
and MS-275 elevated the gamma oscillation level, and the effect of SAHA was accompanied
with the elevation of histone H3 and H4 acetylation. The effects of SAHA on the gamma
oscillation and histone acetylation were abolished by co-application of histone acetyltransferase
(HAT) inhibitor C646, showing that histone acetylation is a key mechanism of the observed
SAHA effects. We further demonstrated that NR4a activation by cytosporone B improved the
gamma oscillation in PS/APP mice. In C57BL/6J mice, SAHA increased gamma oscillation,
while C646 alone abolished gamma oscillation. Our results indicate that histone acetylation
modulates kainate-induced gamma oscillation in the hippocampal slices of both normal and AD
model mice. As possible pathological mechanism of AD, histone acetylation may be suppressed
by the elevated HDAC activity in the hippocampus. Reversal of gamma oscillation deficits by
HDAC inhibition and/or NR4a activation appears to be a potential therapeutic approach to
improve cognitive function in AD.
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Title: Entrainment of local oscillatory activity in the human brain: Evidence from Intracranial
multi-electrode stimulation recordings
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Abstract: In the healthy brain, local and interregional oscillatory activity at specific frequency
bands codes for the engagement of different cognitive operations and behaviors. In turn, specific
neurological syndromes have been associated to particular alterations of oscillatory mechanisms.
More recently, thythmic Transcranial Magnetic Stimulation coupled to scalp
electroencephalography (EEG) has provided evidence of local oscillation entrainment at a
frequency band dictated by the stimulation input. These findings have spurred interest for the
manipulation of local synchrony, either in search of causal associations between oscillations and
brain functions or for the development of novel therapeutic approaches in the field of
neuromodulation. However, direct evidence that overcomes the limitations of non-invasive
stimulation and recording procedures remains paramount. We here analyzed intracranial EEG
(iEEG) signals from multielectrodes implanted in the prefrontal cortex of fully awake epileptic
patients (n=3) undergoing focal intracortical stimulation, as part of a clinical procedure aimed to
identify the localization of epileptogenic loci. Responses to 5 seconds bursts of biphasic 50 Hz
squared electrical pulses delivered at increasing intensities (0.5 to 5 mA) by pairs of adjacent
contacts of the same multi-electrode were recorded. Changes in iIEEG signals in absence of signs
of epileptiform discharges, recorded prior, during and shortly after low intensity stimulation (up
to 2 mA) were considered in our study. Our analyses provide direct evidence of 50 Hz oscillatory
entrainment along the stimulation burst, characterized by power increases around the input
frequency (45-55 Hz) and phase locking to the electrical stimulation signal. The magnitude of
this gamma band entrainment depended on stimulation intensity and the distance between the
contact pairs involved in the stimulation and the recording of iIEEG data. Highlighting the
physiological relevance of this phenomenon, the highest entrainment was found in areas with the
highest level of synchronization with the stimulated site in absence of stimulation. Artificially
modeled iEEG time series and noise served to rule out the confounding of electrical artifacts.
Our results provide evidence that direct stimulation of brain tissues entrains physiological
oscillatory activity at the input frequency. This outcome opens new avenues to explore the causal
role of brain synchrony in specific cognitive processes. Furthermore, it will allow the further
development of novel stimulation therapeutic approaches for neurological conditions subtended
by dysfunctional oscillatory activity.
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Abstract: Neurons often produce a maximal subthreshold voltage response to oscillatory current
inputs at a non-zero input frequency (fi.s), a property known as membrane potential resonance.
Typically, resonance is measured by using the impedance function Z(f) of a neuron over a range
of frequencies (f). Recent studies have suggested that f..s of constituent neurons is a strong
indicator of the network frequency. Nevertheless, how the resonance property influence the
network frequency remains unclear. We focus on networks of neurons that are electrically
coupled through gap junctions and propose the hypothesis that, in such a network, parameters
that shift the resonance frequency also shift the network frequency in the same direction.
Additionally, we propose that an increase in the resonance power (Q=Z(f:es)/Z(0)) of
participating resonator neurons increases this dependence. We test our hypothesis in an
electrically coupled network consisting of a pacemaker neuron (having intrinsic oscillations) and
a resonator that does not necessarily have intrinsic oscillations. In a previous computational
study of a two-cell model of such a network, we showed that it is the impedance profile of the
resonator, not the specific neuron model parameters, that influences the network frequency
(Chen et al, SfN Abst 538.24, 2014). We test this hypothesis using dynamic clamp technique in a
biological network consisting of pacemaker neurons electrically coupled to a resonator neuron.
In the oscillatory pyloric network of the crab C. borealis, the network frequency has been found
to be correlated with the resonance frequency of its pacemaker group neurons (Tohidi & Nadim,
J Neurosci, 2009). Additionally, although the non-pacemaker follower neurons do not produce
oscillations, they also exhibit resonance but with a different f;s than that of the pacemaker
neurons (Tseng et al, J Neurosci, 2014). To examine our hypothesis, we couple the anterior



burster (AB) and the pyloric dilator (PD) pacemaker group neurons in the pyloric network to a
biophysical-inspired model resonator via gap junction using dynamic clamp. In the model
resonator, the attributes fis and Q can be varied independently by changing the parameters of the
resonator neuron. We show that by shifting the fi; of the resonator without changing the shape of
the impedance profile, the network frequency shifts in the same direction and this effect is
enhanced by increasing the resonance power Q. Our results provide experimental support that
resonance frequency and power can strongly influence the network oscillation frequency and
therefore modulators may directly target these attributes in order to influence network activity.
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Abstract: The CA1 region of the hippocampus has been implicated in temporal lobe epilepsy.
Factors underlying seizure generation and propagation are complex and may depend on the
interaction of sodium and potassium concentration dynamics, the balance of region-specific
excitation and inhibition, the degree of synchrony of neuronal populations, and synaptic
mechanisms such as recurrent collaterals. To understand the interplay of these dynamics, we
have developed a mathematical model of a CA1 circuit consisting of conductance based neurons
with intra- and extra-cellular ionic concentration dynamics. We include a two-compartment
(dendrite and soma) pyramidal cell and single-compartment axo-axonic, basket, and bistratified
interneurons. The synaptic strengths and extra-cellular diffusion volume of the four modeled
neurons are a simplified representation of the entire CA1 network, such that the activity of any
single cell in the model represent the proportion of synchronously active neurons. The synaptic
connections are modeled based on estimated quantifications from experimental reports. We
stimulate the network by simulating theta and gamma frequency input from CA3 and investigate
the dynamics underlying seizure-like activity. Specifically, we show the sensitivity of the
network as a function of the degree of synchrony of both interneurons and pyramidal cells, we
assess the robustness of the model to extracellular diffusion, and we determine the sensitivity of
the CA1 network to the different interneuron populations. Our results suggest experimentally
testable predictions that could further elucidate the role of CA1 network dynamics in



epileptiform versus normal activity. Our model shows an optimal window of between 20-40
percent of correlated CA1 pyramidal cells for network throughput in response to CA3 input.
Outside this window the network output becomes more decorrelated from CA3 input and can be
prone to maintained bursting in the absence of input. This optimal window is also sensitive to
correlated interneuron activity.
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Title: Intracerebral recordings of slow wave and rapid eye-movement sleep in naturally sleeping
pigeons
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Abstract: Mammals and birds both show sleep-related slow oscillations (SO) of neuronal
activity, which are thought to be involved in processing hippocampal memories at the systems
level in mammals. However, unlike the mammalian hippocampus which receives input from
most of the cortex, input to the avian hippocampus is restricted to olfactory and visual
information, the latter coming from the hyperpallium. This variation in brain connectivity
between mammals and birds may be an indication of fundamental differences in the manner of
information processing at the systems level during sleep. Therefore, examining sleep-related
brain activity at the systems level in birds provides us with an opportunity to test models
proposed in mammals, and to reveal fundamental principles that could expand our understanding
of mammalian sleep. The aim of the current study was to explore activity in the avian
hyperpallium during both natural slow wave sleep (SWS) and rapid eye-movement (REM) sleep,
and to compare this to activity recorded under anesthesia. We used a 32-channel silicon probe
connected to a transmitter to make intracerebral recordings of the hyperpallium in naturally
sleeping and isoflurane anesthetized pigeons (Columba livia) based on a within-bird design.
Local field potential (LFP) recordings reveal high amplitude SO (<2Hz) across most recording



sites during natural SWS. These oscillations show diverse propagation patterns (i.e. slow waves)
across the recording array. Similar results are found under anesthesia, with the exception that the
SO show higher amplitude and SO activity seems more synchronized between electrode sites. In
contrast, LFP recordings during REM sleep show a reduced amount of slow wave activity and
lack the traveling SO seen during SWS. In conclusion, this study shows that the traveling nature
of slow waves can be found in the avian hyperpallium during both natural SWS and anesthesia.
As traveling slow waves have also been described in mammals, this appears to be a fundamental
feature of slow wave sleep. However, simultaneous recordings of the hyperpallium and
hippocampus during natural sleep are needed to evaluate the potential role that these slow waves
play in processing information at a systems level in the avian brain.
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vasopressinergic magnocellular system
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Abstract: The dorsal (dHi) and ventral (vHi) hippocampus have been considered having
different roles, such as for "learning and memory" vs. "stress coping and emotional control".
However, little is known concerning the oscillations coherence under different brain states
between these two sub-regions. Electrophysiological studies have showed that nanomolar
concentrations of [Arg8]-vasopressin (AVP) induced a prolonged increase in amplitude and
slope of the evoked population response in the hippocampus. This AVP-induced potentiation of
the excitatory postsynaptic potential (EPSP) persisted following removal of AVP from the
perfusion medium. A pronounced effect of AVP and its metabolite AVP (4-8) was found to elicit
a long-lasting enhancement of hippocampal excitability, mostly in neurons within the ventral
hippocampus. Although historically the extra-hypothalamic projections of paraventricular and
supraoptic nuclei were thought to be sparse, recent studies have showed that the AVP



magnocellular neurosecretory neurons possessed axon-collaterals projecting to hippocampus
(Hernadez et al, 2015) and established synaptic contacts with both pyramidal and interneurons
(Zhang and Hernadez, 2013). AVP innervation in hippocampus is highly heterogeneous, being
the ventral and dorsal CA2 the subfields with highest density respectfully. Hence, it is interesting
to evaluate the phase locking value changes between dorsal and ventral CA2 regions (dCA2 vs
vCAZ2) under resting and activated states of the hypothalamic PVN. This investigation examined
the oscillation coherence between the dorsal and ventral CA2 regions and between hypothalamic
PVN and each of the previous regions, using dual-electrode in vivo extracellular recording and
juxtacelular labeling post-recording, in rats under urethane anesthesia. PVN activation was
evoked with either hypertonicity or hypovolemy, with which the hypothalamic neurohypophysial
vasopresinergic pathway is predominantly up-regulated. Evolution map approach (EMA) was
employed to determine the direction of information flow between dCa2 and vCA2. Preliminary
results showed that salt loading increased theta oscillation / oscillation frequencies in both
hypothalamic paraventricular nucleus (PVN) and the ventral CA2 region. The phase locking
values of theta rhythms between PVN and the dorsal and ventral hippocampus were also
increased. These data provide physiological evidences of a distinct modulatory role of the non-
canonic AVP containing hypothalamic pathways on cortical oscillatory functions.
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Abstract: Functional connectivity MRI (fcMRI) studies have greatly helped our understanding
of the functional organization of the human brain. fcMRI measures temporal correlations in at-
rest blood oxygen level dependent signals (BOLD), which, at best, provide an indirect measure
of neural activity. Though much effort has been put towards understanding the relationship
between neural activity and task-related BOLD, it is unclear whether and how at-rest BOLD
correlation is related to neural activity. Here we show that at-rest oxygen correlation reflects



correlated neural activity, including LFP power, slow fluctuation of raw LFP (slow LFP), single-
unit spiking activity, and multi-unit spiking activity. We develop a novel method, regression-
based dependency analysis, and show that oxygen correlation is largely accounted by slow LFP
(72% of the within-network covariance in oxygen and 57% of the across-network covariance in
oxygen), and that slow LFP correlation is accounted by spiking activity. This suggests a causal
relationship, where oxygen is driven by slow LFP, which is itself driven by spiking activity. This
causal link is confirmed by Granger causality analysis. In addition, we also show a feedback
effect from slow LFP to spiking activity. This feedback effect is confirmed by the frequency
nesting analysis, showing that the phase of slow LFP modulates the amplitude of spiking
activity. The fact that spiking activity drives a delayed slow LFP change, which itself drives a
feedback activity onto spiking activity could potentially lead to an oscillation in spiking activity.
This oscillation could explain the band-limited correlation reported in Li et al 2014 (PNAS). In
sum, our results provide conclusive support for the idea that fcMRI reflects patterns of neural
activity, present significant challenges to the traditional view of neurohemodynamic coupling,
and open up new avenues for exploring the functional significance of fcMRI.
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Abstract: Resting state networks (RSN) are composed of anatomically distinct brain regions
whose BOLD signal at rest systematically covary. The slow (<1 Hz) correlated fluctuations in
BOLD signal defining RSNs have been so far considered as consequences of factors intrinsic to
the brain, such as anatomical connectivity or neural delays. However, brain activity during
cognitive rest might be impacted by signals coming from other bodily organs. In particular, the
brain is heavily coupled with the stomach, which acts as an autonomous pacemaker generating
an electrical slow wave in the frequency range of RSNs, around 0.05 Hz. By placing electrodes
over the abdomen it is possible to measure the electrical signal from the stomach pacemaker, a
procedure known as Electrogastrography. We sought to investigate the influence of the stomach
pacemaker on spontaneous brain dynamics by recording simultaneously the electrogastrogram
and resting-state BOLD signal in 21 human participants who were asked to fixate a point during



15 minutes. We measured functional connectivity between the electrophysiological signal of the
stomach and BOLD signal at each voxel. Preliminary results so far indicate that the resting-state
BOLD signal in a set of areas systematically covaries with the stomach pacemaker. Those areas
comprise known visceral regions, such as the insula, but also other regions such as dorsal
anterior cingulate cortex, dorsal precuneus or cerebellum. These results suggest that the coupling
between the stomach pacemaker and the BOLD signal at rest goes beyond areas known to
directly receive inputs from the stomach and recruits in particular portions of the Saliency
Network. This in turn suggest that the stomach pacemaker may play a role in shaping the large-
scale organization of spontaneous brain activity.
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Title: Mapping tACS-entrained brain oscillations using magnetoencephalography (MEQG)
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Abstract: Transcranial alternating current stimulation (tACS) affects perception, memory, motor
and cognitive function. The main mechanisms underlying tACS-related effects were attributed to
frequency specific entrainment, i.e. phase alignment of endogenous brain oscillations to the



externally applied oscillating currents. There is, however, no established method for millimeter-
precise mapping of entrained brain oscillations near and underneath the stimulator electrodes, a
capability important to understand effects of tACS on brain physiology and behavior. Here we
describe a new experimental protocol allowing for millimeter-precise localization and
reconstruction of entrained brain oscillations underneath the stimulator electrodes, as well as
reliable reconstruction of neuromagnetic oscillations across all physiological frequency bands.
Reliability of the protocol was tested in a phantom study (study 1) and a group of healthy human
volunteers engaging in a motor task (study 2). Source space analysis was applied to data
recorded in absence and during amplitude-modulated tACS delivered at different frequencies
(11Hz, 23Hz). In study 1, spatial precision of localizing phase-locked activity between an
oscillation dipole and tACS was assessed by evaluating drop in phase-lock value (PLV) as a
function of distance from a known fixed dipole’s position. In study 2, tACS-entrained brain
oscillations were mapped on the individual’s brain anatomy and results tested for consistency.
Use of this approach can open a new window to investigate mechanisms and effects of
stimulation protocols that entrain brain oscillations.
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Abstract: In central nervous systems, extracellular electric fields are oscillating due possibly to
the activities of neural cells. We hypothesized that oscillating extracellular electric fields
modulate activity of neuronal population providing a mean to correlate or synchronize neuronal
activities. It has been shown that various types of ion channels distributed along the dendrites
and endow the dendrites with the capability of generating dendritic spikes including Na spikes,
Ca spikes and NMDA spikes. We think it conceivable that generation of dendritic spikes play
important roles in sensing extracellular electric field or enhancing ephaptic interactions by



providing current source to generate electric fields. To test the former idea, we developed a
method to monitor local Ca transients associated with dendritic spikes in the dendrites of a
population of neurons in rat hippocampal slices using spinning disk confocal microscopy and
multi-cell dye loading techniques. In a condition where the dendrites of CA1 pyramidal neurons
show spontaneous activity because of 50 uM 4-aminopyridine added to external medium and
adjusted extracellular potassium concentration (5.5mM), we previously reported that the timing
of spontaneously occurring Ca transients in the tufts of the apical dendrites of CA1 pyramidal
neurons would be entrained to sub-threshold (1~20mV/mm) 4Hz electric fields applied parallel
to the somato-dendritic axis of neurons. Here, we examined the frequency dependence of this
entrainment by applying weak (6.5mV/mm) sinusoidal electric fields ranging from 1-16Hz
(n=4). We found that within this range, the entrainment was most evident at 2Hz and less evident
at other frequencies. Our results support the idea that dendritic action potentials may play
important roles in detecting electric oscillating fields.
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Abstract: We consider a clustered network with small-world sub-networks of inhibitory fast
spiking Izhikevich interneurons, and investigate the effect of inter-modular connection on
emergence of fast sparsely synchronized rhythms by varying both the inter-modular coupling
strength J inter and the average number of inter-modular links per interneuron M_syn”\(inter). In
contrast to the case of non-modular networks, modular and global sparsely synchronized states
are found. For the case of modular sparse synchronization the population behavior reveals the
clustering structure, because the intra-modular dynamics of sub-networks make some
mismatching. On the other hand, in the case of global sparse synchronization, the population
behavior is globally identical, independently of the cluster structure, because intra-modular
dynamics of sub-networks make perfect matching. We use a realistic cross-correlation



modularity measure, representing the matching-degree between the instantaneous sub-population
spike rates of the sub-networks, and examine whether the sparse synchronization is global or
modular. Depending on its magnitude, the inter-modular coupling strength J inter seems to play
"dual" roles for the pacing between spikes in each sub-network. For large J inter, due to strong
inhibition it plays a destructive role to "spoil" the pacing between sparse spikes, while for small
J inter it plays a constructive role to "favor" the pacing between spikes. Through competition
between the constructive and destructive roles of J inter, there exists an intermediate optimal
J_inter at which the pacing degree between spikes becomes maximal. In contrast, the average
number of inter-modular links per interneuron M_syn”(inter) seems to play a role just to "favor"
global communication between sub-networks. With increasing M_syn”(inter), the degree of
effectiveness of global communication increases monotonically. Furthermore, we employ the
realistic whole- and sub-population order parameters, based on the instantaneous whole- and
sub-population spike rates, to determine the threshold values for the synchronization-
unsynchronization transition in the whole- and sub-populations, and the degrees of the global and
modular synchronization are also measured in terms of the realistic statistical-mechanical whole-
and sub-population spiking measures defined by considering both the occupation and the pacing
degrees of the spikes. It is expected that our results have important implications for the role of
the brain plasticity which refers to the brain's ability to change its structure and function by
modifying the strength or efficacy of synaptic transmission.
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Abstract: Neuronal network oscillations, measured by electroencephalography (EEG) or local
field potential (LFP), have long been linked to several cognitive activities in both humans and
rodents. In particular, hippocampal oscillations in the theta and gamma frequency ranges are
considered to underlay important computational functions, e.g. providing key reference signals
for temporal encoding of information. Indeed, it has been observed that the interaction between



the phase of hippocampal theta oscillations and the amplitude of hippocampal gamma
oscillations assessed by phase-amplitude cross-frequency coupling (CFC) analysis plays a
pivotal role in learning performance. Alzheimer’s disease (AD) is a highly diffuse and severe
brain pathology characterized by progressive impairments in cognition and memory. One major
histological feature of AD is the accumulation of senile plaques, consisting of amyloid-beta (A)
peptides. AP derives from the sequential processing of the amyloid precursor protein (APP) by 3
and y secretases. Familial AD (FAD) is caused by different missense mutations affecting the
genes encoding for APP and presenilin (PS1 and PS2), i.e. respectively the substrate and the core
component of y secretase. Recent evidence suggests an alteration of theta and gamma rhythms in
AD. Furthermore, the phase-amplitude CFC in these two frequency bands is impaired in ex vivo
and in vivo AD mouse models. At present, therapies attempting to revert or stop AD are poorly
effective at least partially owing to a late diagnosis. Biomarkers for an early diagnosis of the
pathology, i.e. before the emergence of the cognitive deficits, are critical for improving the
efficacy of current and future strategies to contrast the progression of the disease. The aim of this
work is to identify early EEG markers in FAD mouse models characterized by precocious
calcium dysregulation in addition to A load and/or plaque deposition, i.e. the homozygous
mouse lines PS2.30H and B6.152H, that express respectively the human PS2-N1411 mutation
alone or in combination with the human APP Swedish mutation. Within this frame we have
recorded spontaneous LFP activity from the hippocampus of urethane-anesthetized mice and
characterized theta and gamma oscillations together with their phase-amplitude CFC - before and
after amyloid plaque deposition. Preliminary data suggest an increased power in the slow gamma
range (25-45 Hz) in the PS2.30H and B6.152H lines along with an altered theta-gamma CFC in
the B6.152H line in both 3 and 6 months old female mice with respect to age- and sex-matched
wild-type mice.
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Title: Spike-field coupling does not imply spike-spike coupling
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Abstract: The origin and function of oscillatory activity remains a major outstanding question in
neuroscience. One prominent hypothesis for the functional role of gamma oscillations is
'communication through coherence'. This theory posits that regional coherence enhances
communication by increasing the precision of spike timing, i.e. spike-spike coupling. The focus
on coherence has lead to computational investigations of already oscillating populations. While
important in establishing coherence as useful for communications, and in showing how
information flow is maximized when coherence between oscillating pairs is maximized, these
studies skip over a basic question: is spike-time precision enhanced by the onset and amplitude
of gamma oscillations? By definition, oscillating neural populations have repeating periods of
decreased firing. If all else is held equal, these periods of relative silence would mean a decrease
in information flow. As firing declines so does information. If oscillations increase information
flow, they must alter spiking to overcome these 'silent costs'. Keeping with the idea that
oscillations alter spike timing, and using Hodgkin-Huxley neurons in classic excitatory-
inhibitory configurations, we simulated the effect of gamma onset and amplitude on spike
precision and on information flow. Our simulations suggest a much larger range of parameters
can generate gamma oscillations, compared to only a narrow range of parameters that can
actually increase precision and information transmission in excitatory neurons. From a
theoretical perspective, our results suggest the 'communication through coherence' hypothesis
may require fairly stringent biophysical constraints to function as proposed. When aggregating
over all models, gamma power does not statistically predict spike precision, nor does a change to
spike-field coupling imply a change in spike-spike coupling. In sum these results suggest gamma
oscillations, when driven solely by excitatory-inhibitory interactions, reflect mostly silent periods
rather than the spike-time shifting necessary for enhanced precision.
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Title: Investigating spiking resonance in computational models of oriens-lacunosum/moleculare
(O-LM) hippocampal interneurons with dendritic synaptic inputs
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Abstract: The theta rhythm (4-12Hz) is a prominent network oscillation observed in the
mammalian hippocampus and is correlated with spatial navigation and mnemonic processing.
Inhibitory interneurons of the hippocampus fire action potentials at specific phases of the theta
rhythm, pointing to distinct functional roles of interneurons in shaping this rhythmic activity.
One prominently studied interneuron type is the oriens/lacunosum moleculare (O-LM) cell,
which provides direct feedback inhibition and regulation of pyramidal cell activity in the CA1
region. O-LM cells express the hyperpolarization-activated, mixed-cation current (Ih) and, in
vitro, demonstrate spontaneous firing at theta frequencies that is impaired upon blockade of Ih.
Recent work using dynamic clamp (Kispersky et al. 2012) has shown that in the presence of
theta frequency-modulated artificial synaptic inputs, O-LM cells exhibit a spiking resonance at
theta that is not dependent on Ih. Due to the somatic injection limitation of dynamic clamp, the
study could not examine the potential contributions of dendritic conductances and the integration
of dendritically-located synaptic inputs. Here, we used previously developed multi-compartment
computational models of O-LM cells to begin to address these issues. The models were extracted
from our previous ensemble modeling work that showed that dendritic expression of Ih supports
appropriate O-LM cell firing. We selected models with dendritic Th and inserted excitatory and
inhibitory synaptic inputs onto the dendritic tree of the models. The synapses were randomly
activated at rates according to a Poisson distribution. Modulation of the input at various
frequencies resulted in changes in the power spectral density of the model spiking activity. Our
results indicate that models with synaptic inputs spread across the dendritic tree express
enhanced resonant firing at theta frequencies compared to models with synaptic inputs in the
soma only. Thus, the presence of dendritic Ih may interact with synaptic inputs onto dendrites to
enhance spiking output in O-LM cells at theta frequencies. This implies that theta-timed inputs
onto O-LM cells, such as from the medial septum, may preferentially target their dendrites in
order to maximally recruit O-LM cell firing at theta frequencies. Investigating these network
interactions are of critical importance for elucidating O-LM cell contributions to theta rhythm
activity in the CA1 microcircuit.

Disclosures: V. Sekulic: None. J.J. Lawrence: None. F.K. Skinner: None.

Poster

294. Dendritic Excitability and Synaptic Integration
Location: Hall A
Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM



Program#/Poster#: 294.02/B5
Topic: B.10. Intrinsic Membrane Properties
Support: NSERC Discovery Grant

CIHR Operating Grant

Title: Predicting cell-type specific active properties by developing multi-compartment models
using databases and electrophysiological feature constraints: Application to interneuron specific
3 (IS3) cells in the hippocampus

Authors: *A. T. GUET-MCCREIGHT'?, 0. CAMIRE"’, L. TOPOLNIK*”, F. K.
SKINNER'*?;

Toronto Western Res. Inst., Toronto, ON, Canada; 2Dept. of Physiol., 3 Dept. of Med.
(Neurology), Univ. of Toronto, Toronto, ON, Canada; 4Ctr. de Recherche de 1'nstitut
Universitaire en Santé Mentale de Québec, Québec City, QC, Canada; 5Dept. of Biochemistry,
Microbiology and Bioinformatics, Univ. Laval, Québec City, QC, Canada

Abstract: In hippocampus, interneuron-specific type 3 (IS3) cells make GABAergic synapses
onto specific types of interneurons, including oriens lacunosum-moleculare (OLM) cells. These
synapses possess relatively weak synaptic transmission properties, but despite this, IS3 cells are
able to control OLM cell firing patterns (Tyan et al, 2014). As such, we assume that IS3 spikes
need to be initiated with minimal synaptic inputs so that synaptic summation is more likely to
occur. Morphological and synaptic aspects of IS3 cells are being examined, but what type, how
much and where voltage-gated channels (VGCs) are present on IS3 cells has not been
determined. Other hippocampal interneuron types are known to have high densities of VGCs on
their dendrites. High densities of some types of VGCs (e.g. sodium) along IS3 dendrites may
serve to facilitate spike initiation. Using a combination of the NEURON software environment
for running simulations and a MATLAB toolbox called PANDORA (Giinay et al, 2009) for
experimental and simulation analysis, we used both automation and hand tuning to develop IS3
cell models. Data on the active and passive membrane properties of IS3 cells was acquired
experimentally, and two-photon calcium imaging was used to assess the spread of back-
propagating action potentials in IS3 dendrites, which were seen in dendritic branches as far as
150 um away from the soma. Using this data as a target reference, we generated databases of
multi-compartment models, each one possessing unique combinations of channel types &
conductance values. Models that did not capture the features that were seen in experimental
recordings were eliminated from each database. We then identified the remaining models in each
database whose measurements most closely resembled those seen in experimental traces. Once
these models were identified, we computed the minimal excitatory synaptic input necessary to
elicit a somatic spike when the synapse was applied at different points along the dendritic arbor.
Given the present correspondence with data, our models predict relative conductance balances of
different channel types in IS3 cells. Our models also predict that transient sodium and fast
delayed rectifier potassium VGCs are present in the proximal dendrites and that the synaptic
input necessary to elicit somatic spikes is minimized when A-type potassium channels are



restricted to the soma. Moving forward, our models can serve as a basis for understanding the
functional roles of IS3 cells in the hippocampus, a central structure in memory formation.
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Abstract: Parvalbumin (PV") positive GABAergic perisoma-inhibiting interneurons (PIIs)
enable cortical circuits to perform complex operations by providing precisely timed feed-forward
or feedback inhibition into principal cells. In despite of their central role during neuronal
network computations, little is known regarding how signals are processed in their dendritic
trees. Using a combination of single cell voltage sensitive dye imaging (VSDI) and glutamate
uncaging in acute slice preparations of the rat dentate gyrus, we have characterized the
integrative properties of PV" PII dendrites. First we determined speed and attenuation of back-
propagating action potentials. We observe a monotonic decline in size of APs as a function of
distance when traversing from the soma along both, basal and apical dendrites. In agreement
with the low density of sodium conductances, blocking voltage-gated sodium channels did not
changed AP attenuation. In line with the high density of Kv3-type potassium channels, blocking
them with 4AP had a facilitating effect on action potential backpropagation. Second, a
combination of VSDI and glutamate uncaging revealed strong attenuation and deceleration of
locally evoked excitatory postsynaptic potentials, suggesting that PII dendrites favor precision
and speed during signal integration. Moreover, irrespective of the spatial distribution of the
evoked localized EPSPs, summation of excitatory signals at the soma was always sub-linear.
Third, we examine how GABA 4 receptor-mediated inhibition modulates the EPSPs integration



in PII dendrites by analyzing the effect of localized GABA uncaging using DPNI or RUBI-
GABA onto size and shape of EPSPs evoked by glutamate microiontophoresis (miEPSPs). We
observe that distal (off-path) inhibition is more effective than proximal (on-path) inhibition in
reducing the amplitude of miEPSPs recorded at the soma, although this depended in the size of
the excitatory potential and the chloride reversal potential at the uncage locations. In summary,
our data suggest than proximal GABA, receptor-mediated inhibition is better suited to control
action potential generation while distal inhibitory inputs favor the regulation of size and shape of
excitatory signals.
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Abstract: Primary neurons in the central nervous system show very distinctive morphology of
their dendrites that contain thousands of synaptic contacts as well as a variety of voltage-gated
ion channels. The goal of this study is to investigate how cell type-specific dendritic structure is
related to dendritic processing for signal propagation in primary neurons. We first anatomically
reconstructed model primary neurons: spinal motor neuron, hippocampal pyramidal neuron,
neocortical pyramidal neuron, and cerebellar Purkinje neuron. Dendritic signal propagation was
then characterized by calculating the voltage attenuation factor between the soma and all points
in the dendrites as a function of path length from the soma. We found: 1) that the voltage
attenuation data could be well captured with a single fitting equation as a function of distance for
both (soma-to-dendrite and dendrite-to-soma) signal propagation directions, and 2) that all
anatomically reconstructed models of primary neurons display a similar asymmetric signal
propagation in their dendrites: voltage attenuation was much severer for the direction from the
dendrites and the soma compared to the opposite direction from the soma to the dendrites. These
results may serve to bridge the gap between realistic and reduced neuronal models in a basis of
physical distance along the dendrites.
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Abstract: Estilo predeterminado; The neuritic tree is the cellular domain at which neurons
integrate and process synaptic inputs. In the past decades it became clear that dendrites do not
rely purely on their passive membrane properties but are supplied with voltage-activated
conductances that affect their processing capabilities. Among these conductances, low threshold
voltage-activated calcium conductances (LT-VACCs) play a substantial role in shaping the
biophysical attributes of neurites suggesting their involvement in synaptic processing. However,
it is not known to what extent the activation of these conductances shapes the synaptic responses.
Here we have investigated how LT-VACCs affect synaptic integration in a premotor nonspiking
(NS) neuron of the leech nervous system. These cells exhibit an extensive neuritic tree, do not
fire Na“-dependent spikes but express a LT-VACC that was sensitive to 250 uM Ni*" and 100
uM NNC 55-0396 (NNC). Calcium imaging studies showed that this LT-VACC is distributed
throughout the main branches and is activated by synaptic responses evoked by stimulation of
pressure sensitive (P) neurons. The resulting Ca>* signals were a graded function of the
electrophysiological synaptic responses and spread throughout the neuritic tree with no major
attenuation. Thus in NS neurons synaptically-evoked Ca®" signals are a graded function of
synaptic inputs that spread globally. NNC decreased these synaptic responses and abolished the
concomitant widespread Ca®" signals. Coherent with the interpretation that the LT-VACC
amplified signals at the postsynaptic level, this conductance also amplified the responses of NS
neurons to direct injection of sinusoidal current. Synaptic amplification thus is achieved via a
positive feedback in which depolarizing signals activate a LT-VACC that, in turn, boosts these
signals. The results presented here indicate that LT-VACC amplified the responses to synaptic
inputs. This boosting was achieved in a graded manner and the amplified signal preserved a
linear relationship with the firing frequency of the presynaptic neuron. The wide distribution of
LT-VACC could support the active propagation of depolarizing signals, turning the complex NS
neuritic tree into a relatively compact electrical compartment.
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Abstract: Tissue and organ function has been conventionally understood in terms of the
interactions among discrete and functionally homogeneous cell types; however, this
discretization approach has traditionally proved difficult in neuroscience. Here, we
systematically evaluated the extent to which a discrete cell-type framework characterizes a
canonical cell population of the mammalian forebrain - hippocampal CA1 pyramidal cells (CA1
PCs). Using next-generation RNA sequencing (RNA-seq) of subsets of CA1 pyramidal cells, we
found differences in CA1 PCs to be markedly greater than detected using previous methods, with
hundreds of genes being differentially expressed across the long (dorsal-ventral) axis of CAI.
We show that CA1 PC transcriptional identity emerges from a spectrum of gene expression
gradients, resulting in the CA1 PC population existing as a diverse continuum of cells, rather
than conforming to discrete cell types. These transcriptional differences extend to both proteomic
and functional levels. Surprisingly, the overall difference within CA1 PCs across the long axis
rivals that of differences across pyramidal cell classes, suggesting that these within-class
differences may produce prominent spatially variable computation in CA1 PCs. This work
demonstrates an unexpected amount of variability present within a canonical and narrowly
defined neuronal population, and suggests that within-class neuronal variation may be an
important and feature of neuronal circuits.
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Abstract: Na+ imaging can reveal information about the location and properties of synaptically
activated glutamate receptors and voltage gated Na+ channels. It can indicate events due to
AMPA receptor activation, which are not revealed by calcium imaging since these receptors are
impermeant to Ca2+ in most pyramidal neurons. We developed a system to simultaneously
detect both [Na+]i and [Ca2+]i changes at high speed (250 Hz in each channel). [Na+]i changes
were detected with either SBFI or ANG-2. Both Na+ and Ca2+ indicators were loaded together
with a patch electrode on the soma. Fluorescence changes from dendrites on neurons in
hippocampal slices were detected with a high speed CCD camera. Trains of 3-5 synaptic stimuli
at 50 Hz at subthreshold intensities reliably evoked [Na+]i increases in a localized region (3-10
um) of the dendrites. Careful examination suggested that the origin of the signals was more
localized and that some of the spread was due to Na+ diffusion. These signals persisted in the
presence of CPP, suggesting that the signals were due to Na+ entry through AMPA receptors.
Consistent with this interpretation no [Ca2+]i changes were detected although Ca2+ signals from
bAPs were reliably detected at the same locations. In most cases the Na+ signals did not begin
until the 3rd or later synaptic response, although occasionally signals were detected from the Ist
stimulus. Experiments with bAPs showed that the system detected Na+ signals with only a few
ms delay from the spike, demonstrating that the synaptic delay was real. With stronger
stimulation, or more stimuli (but still subthreshold) a later, APV sensitive signal was detected,
suggesting an NMDA receptor component. This signal persisted longer than the AMPA
component. As previously reported, bAPs, by themselves, evoked very small [Na+]i changes in
the dendrites. In some trials bAPs, either evoked by the synaptic train or by intrasomatic
stimulation, generated a sharp increase in [Na+]i at the synaptic site at the time of the spike,
suggesting that the spike triggered Na+ entry. However, in many other trials the spike triggered
no additional signal even when the synaptic train evoked a subthreshold Na+ signal. Therefore,
the importance of a bAP for coincident activation of NMDA receptors is not clear. Stronger
stimulation, especially in the basal dendrites, evoked much larger [Na+]i and [Ca2+]i signals that
were detected over a wider region. These signals had the characteristics of an NMDA spike.
Most of the Ca2+ signal was blocked by APV, while most of the Na+ signal remained,
suggesting that even following a regenerative NMDA receptor event most Na+ entry is through
AMPA receptors at pyramidal neurons synapses.
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Title: Two-photon subcellular optogenetic stimulation of layer 2/3 cortical pyramidal neurons in
vivo during network activity
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Abstract: In vivo, synaptic transmission and integration in cortical neurons occurs on a
background of ongoing, depolarized, subthreshold activity during active brain states. To
investigate subthreshold integration in vivo we made targeted somatic whole-cell recordings of
L2/3 pyramidal neurons expressing Channelrhodopsin2 in primary somatosensory cortex of
urethane anaesthetised mice that oscillate between hyperpolarised, quiescent Downstates and
active depolarized Upstates. We then mimicked synaptic input with brief (10 ms) two-photon
laser pulses that triggered reliable subthreshold depolarizing potentials at different subcellular
targets. At the soma, optogenetic potentials was significantly reduced in amplitude during
Upstates to 82% of the Downstate amplitude and showed an increase in half-width (from 20 ms
to 34 ms). Similar changes in amplitude and half-width were seen during periods of depolarizing
current injection during Downstates, [sopotential of Upstate. The broadening of the optogenetic
potential was linked to an increase in somatic input resistance during Upstates. Depolarising
potentials recorded at the soma could also be evoked on dendritic branches up to 140 um from
the somatic recording site. Dendritic stimulation triggered smaller amplitude, longer latency
responses than somatic stimulation and showed differing degrees of state dependent modulation.
In vivo subcellular optogenetic stimulation provides a new approach to study subthreshold
integration during active cortical states and suggests that the postsynaptic input site is a key
determinant of state dependent modulation in response amplitude.
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Abstract: The hyperpolarization activated cation current ITh generated through HCN channels is
an important current shaping the synaptic integration properties in cortical pyramidal neurons of
layer 5. The density of HCN channels is non-uniform over the dendritic tree of these cells and is
concentrated in the distal apical tree. In addition it has been suggested that Ih is a key player in
persistent activity of pyramidal neurons during working memory tasks and that its modulation
through cAMP by Guanfacine (an alpha 2A receptor agonist) enhances this effect. To better
understand the interaction between the dendritic distribution of Th and the effects of its
modulation we performed whole-cell recordings from layer 5 pyramidal neurons in awake head
restrained mice. We first established that Ih can be blocked under these conditions using ZD
7288. We then show that Ih is modulated by application of Guanfacine but surprisingly that this
modulation has little effect on some membrane properties such as action potential threshold and
resting membrane potential. We hypothesized that due to its dendritic distribution, modulation of
Ih by Guanfacine will affect the coupling between the somatic compartment and the apical tuft.
To test this hypothesis we used the critical frequency protocol. We demonstrated that application
of either ZD 7288 or Guanfacine significantly reduces the threshold for Ca nonlinear activity in
the distal dendrites. We conclude that adrenergic modulation of Th in the apical dendrites of
cortical pyramidal neurons has an effect on Ca nonlinear integration in the apical tuft and on the
interaction between soma and dendrites. This effect implies that adrenergic modulation of Ih may
serve as a regulator of the coupling between feedforward input arriving at the basal dendritic tree
of L5 neurons and feedback input arriving at the apical tuft.
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Abstract: The axon initial segment (AIS) is a unique domain of axons in the nervous system
converting the graded synaptic inputs into axonal action potential (AP) rate and temporal codes.
While most studies depict the axon origin at the soma base, more than hundred years of
anatomical studies from many different cell types indicate that axons also regularly branch from
dendrites. In order to understand the functional implications of axon coupling to dendrites, we
recorded from thick-tufted layer 5 pyramidal neurons using whole-cell patch-clamp and
correlated their structural features with the functional properties (n = 40). Neurons were
subsequently stained for AIS-specific anchoring protein markers and biocytin-streptavidin and
scanned with confocal laser-scanning microscopy. Approximately ~40% of thick-tufted L5
neurons possessed axons with a basal dendrite origin. As expected, the AIS onset in these axo-
dendritic neurons was significantly further away from the soma edge (~10 um; P <0.0001). The
AIS length was, however, not different. Morphological analyses of 3D reconstructions revealed a
lower dendritic branch order complexity and thinner apical dendritic diameter in axo-dendritic
neurons compared to axo-somatic neurons (6.4 vs. 8.2 pm; P < 0.00001). Interestingly, the apical
dendrite diameter linearly and negatively correlated with the AIS onset (r =-0.7148, P < 0.0001,
n = 40). Analysis of AP properties showed that axo-dendritic neurons had a ~3 mV lower voltage
threshold (P = 0.02) and a higher firing rate at steady-state current injection (23 Hz at 0.8 nA; P
= 0.022) which was confirmed in computational modelling to scale with the experimentally
observed differences in axon onset location. The combined empirical and modelling data
revealed that differential axon onsets enable tuning and normalization of synaptic integration in
the face of varying geometries of the dendritic trees.
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Abstract: Rodents scan their immediate facial environment by active whisker sensing. This
process requires combining of sensory and motor inputs in order to adapt whisking behavior to
changing sensory conditions. Layer 5 (L5) pyramidal neurons in the rodent barrel cortex
preferentially receive sensory and motor inputs onto spatially separated regions of their dendritic
arbor. Active dendritic mechanisms in these neurons have been shown to enable the integration
of coincident but spatially separated sensory and motor inputs during a whisker-dependent object
localization task. The global dendritic plateau potentials that mediate this integration have been
observed to have joint feature selectivity to both sensory and motor information. Here we present
that the somatic output of L5 pyramidal neurons also carries a similar conjunctive representation
of sensory and motor information. Responses of individual neurons are dependent on the strength
of whisker touch measured from changes in curvature, but also modulated by the whisker
position in which touch occurred. L5 neuronal activity at the population level indicates a mixed
representation of joint feature selectivity, with varying degrees of modulation at a wide range of
whisker positions across the population. Preferential silencing of the dendritic plateau potentials
through optogenetic methods interferes with learning in a sensory cue driven motor refinement
task. These data indicate that active input integration in the distal apical dendrites of L5
pyramidal neurons mediates a conjunctive sensorimotor representation in the L5 population.
Disruption of this representation by silencing active dendritic integration results in the
impairment of learned refinement in whisking behavior. Experiments are being conducted to
measure the precise effects of optogenetic silencing on the population representation of L5
pyramidal neurons during the sensorimotor task.
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Abstract: It is evident from in vivo recordings that cortical pyramidal neurons (PNs) transition
between periods of actively firing action potentials and relative quiescence. Such changes in PN
activity result from changes in the spatial and temporal patterns of their synaptic inputs. How
synaptic inputs are integrated depends upon both the intrinsic properties of the target neuron as
well as their temporal and spatial distribution. These features are difficult to control in the
awake, intact brain but can be studied in the ex vivo slice preparation. To do this, we recorded
from L5 PNs in motor cortex in Thyl-h YFP mice using whole-cell patch clamp combined with
2-photon glutamate uncaging. Individual spines within basal and proximal apical oblique
branches of L5 neurons were activated by uncaging glutamate with brief, focused pulses of light
(200 ps at 720 nm). Single spine responses recorded at the soma were variable in size (0.52 +
0.35 mV; 109 spines from 10 neurons). As has been described in other neuron types, activating
multiple spines upon a single branch with near temporal synchrony (2000 Hz) triggered somatic
EPSPs that were greater than the linear sum of individual inputs. We observed supralinear
responses in 7/9 Thy1-h neurons (47.5 + 11.1% increase in 7 cells), suggesting active currents in
the dendrites enhanced the measured somatic response. To test how the activation of individual
spines altered the firing frequency, we stimulated single spines while driving the neuron to fire
with step current injection (10-20 Hz). Single spine responses elicited a 5-20% increase in the
instantaneous firing frequency (0.75 + 0.35 Hz, across 71 responses). While the increase in the
instantaneous firing frequency depended upon EPSP size (1 = 0.36182, slope = 1.73 Hz/mV), in
some cases even small (<0.3 mV) EPSPs triggered 1-2 Hz increases in firing rate. When current
noise (exponentially filtered noise, tau = 5 ms, SD of 50 pA) was included in the somatic current
injection, the effects of single spine inputs became less apparent. We next tested whether
activation of multiple spines on a single branch (>10) with near synchrony drove more robust
increases in the firing rate. Supralinear branch integration is inhibited by backpropagating action
potentials in some cell types, and thus such nonlinearities may not persist in the active firing
regime. The near synchronous multi spine activation caused large elevation of firing rate when
paired with either step or noisy somatic current injections (40.69 + 17 Hz, 8 neurons). Combined
our data shows that during the active firing regime both single and spatiotemporally clustered
spine activation can influence neuronal output.
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Abstract: We applied a systems-identification approach to quantitatively describe the nonlinear
behavior of dendrites. Dendritic membrane potentials (whole-cell patch) were recorded from L5
pyramidal neurons in mouse prefrontal cortex in response to either small (subthreshold) or large
(suprathreshold) 10 kHz white-noise current injections. Convolving the small current injection
with a linear filter fully accounted for the dendritic membrane potential (median variance
accounted for or VAF = 99%). The filters were relatively fast, with an initial exponential-like
decay (median 1/e decay =2 ms) followed by an under-shoot that produced a theta resonance.
The large suprathreshold injections produced both somatic action potentials (spikes) and
dendritic spike-like nonlinearities. The large injections produced the same linear filters as the
small injections, but they accounted for less of the membrane potential because of the additional
nonlinearities (median VAF = 94%). Deconvolution was used to isolate the nonlinear
components from the linear response. The results of the deconvolution revealed nonlinear inward
current spikes (median rate of ~20 spikes/sec), that when added to the white-noise current
injection, accounted for 100% of the dendritic membrane potential. In individual neurons, these
dendritic spikes varied in amplitude by over a factor of 10 and were abolished by TTX, but not
APV. We modeled the isolated dendritic spikes using a second linear spike-filter followed by a
static nonlinearity. When convolved with the large stimulus, the spike-filter/nonlinear cascade
described both the dendritic spike amplitude (median VAF = 85%) and the time that each
dendritic spike occurred. In comparison to the filters that described the linear membrane
potential, the dendritic spike-filters were much faster (median 1/e decay = 0.5 ms). Our results
show that the dendritic membrane potential in response to a white-noise current injection is well
described by two components: 1) A filter that captures the linear membrane response and, 2) A
second faster spike-filter followed by a static nonlinearity that captures the nonlinear dendritic
spikes. The shape of the spike-filter suggests that dendritic nonlinearities are tuned to the rise
time of fast inward current events such as AMPA-mediated synaptic inputs.
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Abstract: Neurons in the brain use action potentials (spikes) to communicate with each other. In
the postsynaptic cell, these spikes lead to synaptic signals (EPSPs) that propagate through the
dendrites and are finally summed at the site of spike initiation. Cortical and hippocampal neurons
are sensitive to the timing of their synaptic inputs as they can synchronize their firing on a
millisecond time scale, and follow rapid stimulus fluctuations with high temporal precision. In
recent years, several studies have reported large variability of spike propagation delays in
networks of neurons processing these signals, and it is thought that these delays are modulated to
enhance signal integration and thus optimize synaptic inputs. Moreover, computational studies
refer to the spike propagation delays as storage capacity units, and predict that the neuronal
networks use these delays to time signals and encode information. In order to understand how
synaptic, and intrinsic nonsynaptic, properties interact and integrate to optimize neuronal output,
we have established an STDP protocol using photoactivation of Channelrhodopsin-2 containing
neurons, and recorded synaptic activity arriving from multiple sites along the dendritic tree of
cortical and hippocampal pyramidal neurons. Our findings indicate a correlation between the
synaptic modifications and propagation velocity along the dendritic branch, suggesting that
nonsynaptic modifications along the dendrites are accompanying the synaptic changes.
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Abstract: Understanding gene expression in specific neuronal populations can provide important
insight into cellular identity and functionality. Here, we used next-generation RNA sequencing
(RNA-seq) to produce a quantitative, whole-genome transcriptional atlas of gene expression
spanning every excitatory neuronal population in the hippocampus; namely, granule cells and
mossy cells of the dentate gyrus, and pyramidal cells of areas CA3, CA2, and CA1. Moreover,
for the granule and pyramidal cells comprising the classical trisynaptic loop, we profiled
transcriptomes at both dorsal and ventral poles, producing a cell class- and region-specific
transcriptional atlas for these canonical populations. This atlas defines the transcriptional
properties and identities of lesser known cell types (mossy cells and CA2 pyramidal cells),
reveals unexpectedly large variations in the trisynaptic loop across the dorsal-ventral axis, and
ultimately presents a cohesive, large-scale characterization of the transcriptional rules of the
hippocampus. We have created an interactive website - HippoSeq - that enables user-friendly
analysis and visualization of these data. These transcriptional profiles and associated website will
act as a quantitative, whole-genome roadmap for further dissection of the molecules, cells, and
circuits in the hippocampus.
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Title: A consistent electrophysiological model of dentate granule cells based on pharmacology to
study adult-born neurons
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Abstract: Granule cells in the dentate gyrus (DGCs) are continuously generated in the adult
mammal brain. Their integration into the hippocampal network has been linked to important
brain functions such as pattern separation and spatial memory formation. Interestingly, DGCs
show a critical time window, in which they express higher excitability, synaptic plasticity and
excitation-to-inhibition ratio, each phenomenon linked to specific protein expression or
connectivity. A data-driven single-cell compartmental model with realistic morphology and ion
channel composition would provide an excellent tool to analyze the effect of all these changes in
intrinsic and synaptic properties on neuronal computation. However, existing active
compartmental models of DGCs have limited predictive capability since they were constructed
ad hoc in order to replicate mostly one single experiment. Here we present a novel active model
for mature DGCs based on raw electrophysiological traces combined with pharmacology in mice
(1). Our new model includes a corrected calcium buffer model, an inward rectifier potassium
(Kir) channel, several isoforms of voltage-gated potassium channels and modified distributions
of BK, SK as well as L-, T-, N-type calcium channels, consistent with the known DGC ion
channel composition. The resulting model reproduces experimental electrophysiology in mature
DGCs. Furthermore, the calcium dynamics, as well as spiking characteristics such as
afterhyperpolarization, depolarizing afterpotential and spiking adaption are in a realistic range
indicating that the DGC compartmental model is consistent across a variety of experimental
paradigms. The model can now be adapted to simulate synaptic integration and plasticity in
adult-born DGCs. Our preliminary simulations suggest, that NMDA subunit composition alone
might not suffice to fully explain the increased capability for synaptic plasticity during the
critical time window (2). In summary, we created a novel active DGC compartmental model,
which is consistent in ion channel composition and electrophysiology, enabling us to make
valuable predictions about single-cell computation in mature and adult-born DGCs. 1) L. a
Mongiat, M. S. Esposito, G. Lombardi, A. F. Schinder, PLoS One. 4, €5320 (2009). 2) S. Ge, C.-
H. Yang, K.-S. Hsu, G.-L. Ming, H. Song, Neuron. 54, 559-66 (2007).

Disclosures: M. Beining: None. L.A. Mongiat: None. S. Schwarzacher: None. H. Cuntz:
None. P. Jedlicka: None.

Poster

294. Dendritic Excitability and Synaptic Integration



Location: Hall A
Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 294.17/B20
Topic: B.10. Intrinsic Membrane Properties
Support: Boehringer Ingelheim Fonds
Wellcome Trust WT094077MA
ERC AdG 250345
Title: Synaptic input patterns underlying dendritic computation in vivo

Authors: L. GOETZ' M. R. GROEN', *A. ROTH”', M. HAUSSER';
'"Wolfson Inst. for Biomed. Res., “Univ. Col. London, London, United Kingdom

Abstract: The computations performed by an individual neuron critically depend on the
spatiotemporal patterns of synaptic input it receives onto its dendrites. While the detailed
synaptic input patterns are still largely inaccessible to experiment, the ability to use dendritic
patch-clamp recording to measure sensory-evoked local dendritic spikes in vivo (Smith et al.,
Nature 2013) provides valuable constraints on possible spatiotemporal patterns of synaptic input.
Furthermore, extensive experimental data on the biophysical properties of dendrites, the statistics
of sensory responses of neurons, as well as the characteristics and function of synaptic inputs in
vivo have recently become available. Using these experimental results, we have developed a
detailed active biophysical model of a neocortical layer 2/3 pyramidal neuron to explore which
spatiotemporal patterns of synaptic inputs can drive the observed neuronal input-output
transformations. Our model generates fast dendritic spikes heterogeneous in amplitude, time
course and spatial extent as observed in vivo (Smith et al., 2013), which are abolished by
removing NMDA receptors. We used spike-triggered averaging to identify the spatiotemporal
synaptic input patterns preceding dendritic spikes. Dendritic spikes are preferentially triggered
by excitatory synapses which are spatially and temporally clustered on the local branch and
neighbouring branches. The temporal patterns of excitatory synaptic input preceding spikes are
stereotyped and tend to be surprisingly sparse. Notably, only some dendritic spikes are effective
in evoking action potential output, while others remain local. We used cluster analysis to
differentiate between these cases and establish global conditions under which specific
spatiotemporal patterns of synaptic input can influence neuronal output. Thus, our simulations
provide a mechanistic explanation for neuronal computations observed in vivo, for example how
output tuning to stimulus features arises from both tuned and untuned inputs. To summarize, we
derive spatial and temporal rules for how synaptic inputs drive dendritic spikes. These results
suggest that synaptic input patterns may be optimized to locally exploit dendritic excitability to
shape the input-output relation of the neuron.
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Title: Dendritic serotoninergic neuromodulation in the anterior cingulate cortex alleviates
neuropathic pain
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Abstract: Neuropathic pain is caused by long-term modifications of neuronal function in the
peripheral nervous system, the spinal cord, and supraspinal areas. Although functional changes
in the forebrain are thought to contribute to the development of persistent pain, their significance
and precise subcellular nature remain unexplored. Using somatic and dendritic whole-cell patch-
clamp recordings from neurons in the anterior cingulate cortex, we discovered that sciatic nerve
injury caused a dysfunction of hyperpolarization-activated cyclic nucleotide-regulated (HCN)
channels in the dendrites of layer 5 pyramidal neurons resulting in enhanced integration of
excitatory postsynaptic inputs and increased neuronal firing. Consistent with a HCN channel
hypofunction, resonance frequency was lower in CCI neurons. The pathology was caused by an
activity-dependent decrease in HCN channel density in the apical dendrite. Specific activation of
the serotonin receptor type 7 (5-HT7R) alleviated the lesion-induced pathology by increasing
HCN channel function, restoring normal dendritic integration, and reducing mechanical pain
hypersensitivity in nerve-injured animals in vivo. Thus, serotoninergic neuromodulation at the
forebrain level can reverse the dendritic dysfunction induced by neuropathic pain and may
represent a potential therapeutical target.
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Abstract: In the living animal, sensory systems are generally not stimulated in isolation but are
instead activated collectively. In response to multimodal sensory stimulation, the dendrites of
pyramidal neurons in the primary somatosensory cortex receive both feedforward input from the
thalamus and feedback input from other cortical areas. The influence of this feedback
multimodal input on dendritic function is input specific and largely unknown. We investigated
dendritic activity in the hindpaw somatosensory cortex during contralateral hindpaw stimulation
alone and during activation of additional sensory-evoked feedback input. Using both single-cell
electrophysiology and dendritic 2-photon calcium imaging in vivo, we show that sensory input
from the stimulation of a second sense, in this case forepaw stimulation, had different effects on
the distal and proximal dendrites of layer 2/3 pyramidal neurons. Forepaw stimulation caused a
decrease in the Ca2+ activity of tuft dendrites whereas proximal dendrites had an increase in
synaptic input. Taken together, this multimodal input onto layer 2/3 pyramidal neurons led to a
balancing of sensory information resulting in no change to the evoked firing rate. These results
not only illustrate the counterbalancing interaction of multimodal input in cortical neurons but it
also highlights the complexity of local dendritic activity in sensory perception.
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Title: Control of spatially patterned gene expression in dendrites
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Abstract: The subcellular spatial distribution of ion channels and synaptic plasticity-related
proteins is dynamic, nonuniform, and critical for determining the electrical properties of neurons.
How neurons control these expression patterns is unknown, but is believed to involve
microtubular-based transport. Using mathematical analysis and numerical simulations, we show
how transport can support these phenomena in complex neuron morphologies. While the results
we derive are general to any cell type, we examine CA1 pyramidal morphology as a case study,
specifically examining: 1) HCN and K ion channel gradients in dendrites and 2) spatial
expression of plasticity-related proteins such as Arc. We compare two non-exclusive models for
achieving spatial expression: local versus global control. For the local-control class, we derive
simple rules that relate the local transport rate along neurites to the global steady-state
distribution of cargo, and illustrate how this rule can be encoded by a second-messenger
molecule, such as Ca2+. We identify two strategies that precisely achieve any desired expression
profile. The first distributes cargo uniformly along the microtubules, and locally captures cargo
in proportion to the target expression level. The second distributes cargo non-uniformly to match
the target expression pattern and locally releases cargo at a uniform rate. There is experimental
evidence for both of these strategies [1,2]. We also considered a second class of models based on
global control, in which the steady-state distribution of cargo along the microtubules is not
achieved. In this case, the distribution of cargo might be controlled by tuning the microtubular
transport kinetics to match the rate of local release/capture of cargo. A major difference between
these two classes of models is that the first can be locally tuned, while the second must be
engineered from a global level. We suggest that local mechanisms might be useful to produce
flexible trafficking, while global mechanisms provide efficient solutions for coarse, rapid
transport. We highlight experiments that might disambiguate between these two cases.
References: [1] Kim S, Martin KC (2015). eLife. 4:¢04158 [2] Steward O, Farris S, Pirbhoy PS,
Darnell J, Van Driesche SJ (2015). Front Mol Neurosci. 7:101
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Title: Active dendrites and differential calcium channel distribution allow Golgi cells to
independently regulate dendritic processing and spontaneous firing
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Abstract: Golgi cells (GoCs) are spontaneously active interneurons that continuously release
GABA to inhibit granule cells and thereby control the excitability of the input layer of the
cerebellar cortex. Previous studies concluded that GoC dendrites lack voltage-gated sodium,
calcium and potassium channels. As a result of their passive properties, synaptic inputs onto
distal dendrites are strongly attenuated. Here, we use a combination of whole-cell recording and
dendritic calcium imaging to re-examine dendritic properties and calcium-dependent regulation
of firing in GoCs. We find that GoC dendrites contain voltage-gated sodium channels, and
support back-propagating action potentials that open voltage-gated calcium channels throughout
the dendritic tree. We also find that calcium channel subtypes are differentially distributed and
functionally specialized. R-type and T-type calcium channels are absent from the soma, but
present in distal dendrites. T-type calcium channels promote burst firing and boost synaptic
inputs onto distal dendrites. Conversely, N-type calcium channels are primarily present near the
soma where they regulate spontaneous firing through their close association with calcium-
activated potassium channels. We find that GoCs have a low calcium buffer capacity, and as a
result a modest calcium channel density produces large dendritic calcium signals. In light of our
finding that GoCs dendrites are active, the manner in which GoCs process synaptic inputs from
granule cells must be reevaluated. The differential distribution of calcium channels allows
dendritic T-type channels to boost synaptic inputs and N-type channels near the soma to regulate
spontaneous firing.
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Title: Electrophysiological properties of nodes of ranvier revealed by patch-clamp recordings
from intact afferent nerve fibers of mammals

Authors: *J. GU, H. KANDA, W.-P. CHANG, J. LING;
Univ. of Alabama At Birmingham, Birmingham, AL

Abstract: Electrophysiological properties of nodes of ranvier are important for saltatory
conduction along myelinated nerve fibers and have pathological implications. Much of what we
know about the electrophysiological properties of nodes of ranvier came from previous studies
performed on large axons of the invertebrates, and due to technical challenge patch-clamp
recordings have not been applied to nodes of ranvier in an intact nerve fiber. In the present study,
we developed a whole-cell patch-clamp recording method to study electrophysiological
properties of nodes of ranvier of intact rat trigeminal afferent nerve fibers. We observed two
major currents at nodes of ranvier in responses to voltage steps, a large voltage-activated fast
inward current and a large leak current. The fast inward current was mediated by voltage-gated
Na' channels since it was completely blocked by TTX. The large leak current was resistant to
both TTX and intracellular Cs" and was most likely due to axonal conductance. Action potentials
could be elicited at nodes of ranvier by depolarizing currents and they were completely blocked
by TTX. Action potentials were not significantly altered when 135 mM Cs” was included as a
voltage-gated K channel blocker in the recording internal solution. In addition to the two major
currents, we also observed a small tail current which could be inhibited by linopirdine, a KCNQ
channel blocker. Linopirdine reduced resting membrane potentials (less negative) and action
potential rhoebase. We studied propagation of action potentials through nodes of ranvier by
electric stimulation at a distant site (1 cm) from the recorded node of ranvier. Nodes of ranviers
could well follow electric stimulation at the frequency up to 100 Hz with full-sized action
potentials. At the stimulation frequency above 100 Hz, action potential firing at nodes of ranvier
showed frequency-dependent reduction of their action potential amplitudes. Taken together, our
results provide new insights into electrophysiological properties of nodes of ranvier of mammals.
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Abstract: Evidence suggests that increased levels of amyloid beta (A peptides derived from
amyloid precursor protein (APP) contribute to the development of Alzheimer’s disease (AD).
The regions primarily affected in AD brains are hippocampus and cortex, whereas striatum and
cerebellum are relatively spared. Although neurons are considered to be the major source of Ap
in the brain, the activated astrocytes associated with neuritic plaques, the key neuropathological
hallmark of AD brains, have also been shown to accumulate AR&#61486; Since cholesterol has
been shown to influence A production, it is of interest to determine whether accumulation of
cholesterol within endosomal-lysosomal system, the major site of Ap production, can influence
levels and/or processing of APP. To address this issue we used mutant APP transgenic (APP-Tg)
mice, mice lacking Neimann Pick Type C1 (Npcl-null) protein required for intracellular
cholesterol transport and our recently developed bigenic ANPC mice that overexpress mutant
human APP in absence of Npc1 protein. The results obtained so far indicate that APP and its
processing enzymes involved in AP production such as B-secretase BACE1 and four components
of y-secretase complex (PS1, nicastrin, Pen2 and APH1) are expressed in a subset of reactive
astrocytes in ANPC, APP-Tg and Npcl-null mice but not in age-matched wild-type control mice.
The relative number of astrocytes expressing APP and its processing enzymes appear more in
ANPC>APP-Tg>Npcl-null mice. These results indicate that reactive astrocytes may have an
important role in the generation of AB-peptides in AD-related pathology. Additionally,
accumulation of cholesterol within endosomal-lysosomal system may influence APP
levels/processing in the activated astrocytes.
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Abstract: Astrocytes are emerging as key elements in many aspects of brain development,
function and disease. In particular, there is evidence for dynamic neuroglial interactions at the
so-called "tripartite synapse". Astrocytic processes intimately interact with synapses, but little is
known about the role of astrocytes in the control of synapse number and plasticity in the
developing and adult brain. Previous data link fibroblast growth factor (FGF) signaling to
astrocyte differentiation, morphology and functions. Based on this, we hypothesized that under
normal conditions astrocytes utilize FGF receptors 1 and 2 (FGFR1/2) and other adhesion
molecules located at their lamellar processes to interact with and modulate the number of
synaptic connections. To test this, we induced an astrocyte-specific loss of Fgfr1/2 in the early
postnatal period by using transgenic mouse lines. Brain tissue was collected from three month
old mice with induced Fgfr1/2 loss (FgfR1/2 iKO) and control mice; synaptic markers
(VGLUT/PSD95, VGAT/Gephyrin) and adhesion molecules were assessed using
immunohistochemistry, western blot analysis and Real Time PCR. Increased expression of
vesicular transporters for both excitatory and inhibitory synapses (VGLUT1 and VGAT) was
observed at both mRNA and protein levels in FgfR2 iKO brains compared to control. These
perturbations were not randomly distributed in the cortex, but were more pronounced in the
upper cortical layers. Furthermore, in mutant mice, an altered expression of cell adhesion
molecules expressed at astrocyte-neuron membrane contacts was observed. Interestingly, the
FgfR iKO mice also showed locomotor hyperactivity and impairments in cognitive and social
behavior compared to control littermates. Our findings support the idea that astrocyte Fgf
signaling controls synaptic remodeling in early postnatal development, which may be a process
that may exert a profound impact on neural network function and behavior.
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Abstract: Numerous studies have shown that the steroid hormone, 17B3-Estradiol (E2) is not only
a gonadal-derived hormone but also a brain-derived neuroprotective factor. So far little is known
regarding how the local production of E2 in the forebrain is controlled. The expression of brain
aromatase, the enzyme that catalyzes the conversion of testosterone into E2, is generally found to
be restricted to certain neuronal populations under normal conditions. We recently reported that
de novo expression of aromatase in astrocytes can be induced by global cerebral ischemia and
exerts anti-inflammatory and neuroprotective actions in the rodent hippocampus. It is important
to note that induction of high aromatase expression in the injured brain was accompanied by the
astrocyte reactivation. To investigate the regulatory mechanism that underlie the induction of
aromatase in reactive astrocytes after injury, we examined the expression of aromatase in
primary astrocytes cultured from male and female neonatal mouse brain under different
treatments (oxygen and glucose deprivation [OGD], extracellular ATP, and Lipopolysaccharide
[LPS]). These treatments are all well known as triggers of astrocyte reactivation, and mimic the
in vivo events of ischemia, cell damage and inflammation after brain injury. The results of the
study revealed that LPS induced a significant increase of aromatase expression in astrocytes in
an acute phase (2-4 hour post treatment). OGD also increased aromatase expression in
astrocytes, but the effect occurred later (after 24 hours). These findings support a potential role
for injury-induced inflammation in the induction of aromatase expression in reactive astrocytes.
We next examined the effect of proinflammatory cytokines (IL-1Band IL-6) upon induction of
aromatase in cultured astrocytes. The results revealed that both cytokines were able to enhance
aromatase expression as efficiently as LPS. While the mechanism of the cytokine up-regulation
of aromatase is unclear, the up-regulation of aromatase by the cytokines was associated with an
elevated expression of the CCAAT/enhancer binding protein beta (C/EBPp). This is intriguing as
C/EBPS is a transcription factor implicated to mediate proinflammatory cytokine actions, and the
aromatase gene is known to contain 16 C/EBP binding sites. Taken as a whole, our findings
suggest that ischemic injury-induced release of proinflammatory cytokines can drive induction of
aromatase expression in astrocytes, and that this effect may involve mediation by the
transcriptional factor, C/EBP. (Supported by NIH/NINDS research grant ROINS088058)
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Abstract: Astrocytes are the most abundant cell type in the central nervous system (CNS). It is
well-known that astrocytes maintain ion homeostasis in the extracellular space and also release
immune response factors. However, recent studies regarding the tripartite synapse suggest that
astrocytes may directly modulate synapses by releasing neuroactive molecules such as glutamate,
ATP, and D-serine, or by uptaking neurotransmitters from synaptic cleft. Such evidence suggest
that astrocytes may play a key role in long-term depression (LTD) and in long-term potentiation
(LTP). Astrocytes have two different states, which are the resting state and the reactive state. The
reactive state is shown in inflammation and neuronal disorders, such as Alzheimer’s disease
(AD). Morphological changes in the reactive state include increase in thickness and number of
processes, and increase in size of soma. Molecular changes also occur, such as an increase in
expression of glial fibrillary acidic protein (GFAP). These morphological and molecular changes
may be in line of functional changes. However, the specific morphological and molecular
changes in the event of long-term memory formation have not been explored. In this study, we
induced long-term memory by subjecting mice to the contextual fear conditioning test (CFC),
and check for changes of astrocytes that correspond to the reactive state. Results show that in the
memory induction stage, astrocytes exhibit a unique condition which differs from the resting or
reactive state. Further studies may be conducted to elucidate this novel state, and possibly link
changes in this state with cognitive dysfunction or neurodegenerative diseases such as AD.
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Abstract: High frequency oscillations (HFOs) occur in brain tissue both under physiological and
pathological conditions, and have been recorded in vitro, in animals and in humans. In the
healthy brain they likely support memory related functions, while in epilepsy patients they have
been associated with seizure onset zones. In an in vitro model of dissociated neuronal networks
cultured on microelectrode arrays (MEAs), localized HFOs were recorded in response to brief
electrical stimuli, and persisted under blockage of action potentials and synaptic transmission. In
order to examine the role of astrocytes in the generation of HFOs, we cultured cortical astrocytes
from PO rats on microelectrode arrays (square grid of 8x8 Ti/TiN electrodes, diameter 30 um,
spacing 200 um), and applied ten single biphasic rectangular voltage pulses (800 mV, 200
us/phase) to a subset of electrodes. Recordings were performed in low osmolarity HEPES-
buffered saline solution similar to Neurobasal medium at pH 7.4. Stimulus-averaged spectral
power of oscillations was calculated from the signal’s time-frequency representation. In response
to the electrical stimulus pulses, astrocytes exhibited strong extracellular voltage fluctuations in a
broad frequency spectrum (100 to 600 Hz) that could last several seconds. These aperiodic HFOs
were constrained to the stimulated electrode. The voltage-gated calcium channel antagonist
cilnidipine dose-dependently decreased oscillation power. HFOs were dependent on intracellular
calcium, since the Ca2+-chelator BAPTA-AM suppressed HFOs as well as substitution of
extracellular Ca2+ by Ba2+. Incubation with bafilomycin A1 showed that vesicular release of
transmitters played only an inferior role in the emergence of HFOs. Gap junctions and volume-
regulated anionic channels had just as little functional impact, which was demonstrated by the
addition of carbenoxolone (100 uM) and NPPB (100 uM). Hyperpolarization with low
potassium in the extracellular solution (2 mM) dramatically raised oscillation power. A similar
effect was seen when we added extra sodium (+50 mM) or if we replaced it with NMDG+ (50
mM). The purinergic receptor antagonist PPADS suppressed oscillation power, while the agonist
ATP (100 uM) had only an increasing effect when the bath solution pH was slightly lowered to
pH 7.2. We conclude that astrocytic voltage oscillations were triggered by activation of voltage-
gated calcium channels and driven by a downstream influx of cations through channels that are
permeable for large ions such as NMDG+. Most likely candidates are subtypes of pore-forming
P2X channels with a low affinity for ATP.
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Title: Acoustic trauma-induced strial vascular degeneration is associated with motile
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Abstract: Stria vascularis capillary destruction and regression after loud sound trauma has long
been observed, but the mechanism underlying the pathology has not been understood. In this
study, we found a proportion of strial pericytes (PCs) had converted to the phenotype of motile
myofibroblastic PCs at approximately one week after loud sound stimulation. Using both in vivo
animal based and in vitro primary cell line based models, the strial PCs transition is highly
associated with increased transforming growth factor beta 1 (TGF-B1). The transition to
myofibroblastic PCs is significantly reduced when TGF-B1 is suppressed with the TGF-B1
receptor blocker, SB431542, or blocked using a recombined adenovirus carrying a PEDF gene
(ad-PEDF) to up-regulate pigment epithelium derived factor (PEDF). Reduced capillary density
following acoustic trauma was correlated with PC phenotype changes. With newly established in
vitro three-dimensional cell-based co-culture models, we demonstrated that PCs are essential for
maintaining normal vascular architecture and stability. The architecture becomes markedly
thicker with branches less finely articulated with changes in PC phenotype. The results suggest
that loud sound triggered emergence of motile myofibroblastic PCs may be one of causes for
noise-induced capillary degeneration.
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Abstract: During brain ischemia, acidosis, resulting from the metabolism elements of the
anaerobic glycolysis, is a critical consequence of causing neuronal cell death. Astrocytes serve
many important roles, including nourishing and providing mechanical support for the neurons,
metabolizing neurotransmitters and secreting gliotransmitters to modulate neurotransmission.
Numerous evidence indicates insult in these astrocyte functions during brain ischemia can
crucially influence neuron survival. However, much less is known about the fate of astrocyte in
acidosis. The purpose of our study was to investigate cell death mechanisms of rat astrocytes in
acidosis per se (independent of hypoxia). We isolated cortical astrocyte cultures from 1 to 2-day-
old Sprague Dawley rats. Before each experiment, primary astrocytes were incubated in different
acidic pH culture media for indicated time courses. MTT assay was used to determine cell
viability. In addition to elucidate the signaling pathway acidosis-induced activation, we used
fura-2 as the Ca2+ -sensitive fluorescent dye for performing microfluorimetric measurement of
cytosolic Ca2+ concentration, immunoblotting for analysis of individual proteins, and
ApoSENSOR ADP/ATP ratio assay kit for detecting ADP/ATP ratio. Our results showed that
astrocytes suffered from cell death after challenge by acidic pH (6.8, 6.0, 5.0) for 2-24 h.
Exposure to acidic pH caused intracellular Ca2+ release and extracellular Ca2+ influx; however,
abrogation of cytosolic Ca2+ elevation by BAPTA did not prevent acidic pH-induced cell death.
Acidic pH caused p38 MAPK activation, Akt inhibition, mitochondrial depolarization, decreased
reactive oxygen species (ROS) formation and increased ADP/ATP ratio. Cyclosporin A, which
binds to cyclophilin D and hence inhibits mitochondrial permeability transition pore (PTP),
could prevent acidity-induced cell death. In conclusion, these findings suggest acidosis caused
astrocyte death not by cytosolic Ca2+ overload but by p38 MAPK activation and mitochondrial
PTP opening.
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Abstract: Metformin is a widely used drug for the treatment of type 2 diabetes. While it
increases peripheral glucose uptake and utilization in patients, its actions on the central nervous
system are less characterized. In the present study, we first aimed to determine the effects of
metformin on astrocytes, a cell type playing a key role in cerebral energy metabolism. Using
primary cultures of mouse cortical astrocytes, we observed that metformin at 500 uM stimulates
3H-2-deoxyglucose uptake (i.e. glucose utilization) in a time-dependent manner, with a maximal
effect after 4 hours of treatment (+239% versus control values). A more detailed characterization
of metformin’s effects showed that stimulation of glucose utilization is accompanied by an
increase in lactate release (+160% versus control values) as well as a decrease in glycogen levels
(26% of control values). In contrast to the observed increase of glycolytic metabolism, oxidative
metabolism of glucose was not significantly modified by metformin as determined by
measurement of total CO2 production using 14C(U)-glucose as substrate (93% of control
values). As some of metformin’s peripheral metabolic effects are known to be mediated by
AMP-activated kinase (AMPK), we evaluated the impact of AMPK activator AICAR on
astrocytic glucose utilization. Surprisingly we observed that AICAR was not only unable to
reproduce the stimulatory action of metformin but even presented an opposite effect, decreasing
glucose utilization (by 75%). This latter observation suggested that the above described
metabolic effects of metformin were independent of AMPK activation. Further supporting such
view, the stimulation of glucose utilization induced by metformin was unaltered in the presence
of the AMPK inhibitor Compound C. By contrast, the inhibitory effect of AICAR on this
metabolic index was fully prevented by Compound C, then establishing the AMPK-dependent
action of this kinase activator. Finally, we observed that metformin also stimulated glucose
utilization in primary cultures of mouse cortical neurons, whereas AICAR remained without
effect in this cell type. As a whole, these results demonstrate that both metformin and AICAR
strongly modify glucose metabolism in astrocytes and neurons. More specifically, metformin
altered glucose metabolism in astrocytes by turning them into a more glycolytic state through an
AMPK-independent mechanism which remains to be characterized.

Disclosures: I. Allaman: None. G. Grenningloh: None. C. Barriere Borgioni: None. P.J.
Magistretti: None.

Poster

295. Astrocyte Cell Biology and Modulation

Location: Hall A

Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 295.09/B34

Topic: B.11. Glial Mechanisms

Support: Office of Research and Sponsored Programs at Central Michigan University
College of Medicine at CMU



Field Neurosciences Institute
John G. Kulhavi Professorship
Title: /n vitro reprogramming of adults rat astrocytes using SOX2

Authors: *S. T. PERUZZARO, S. M. RAUPP, M. M. ANDREWS, M. LU, Z. NAN, J.
ROSSIGNOL, G. L. DUNBAR;
Central Michigan Univ., Mount Pleasant, MI

Abstract: Reprogramming astrocytes to neural stem cells and neurons is a potential strategy for
neurological repair. Due to the proliferation of astrocytes and neuronal cell loss after ischemic
stroke, reprogramming astrocytes to a neuronal phenotype may be a possible therapeutic
strategy. Previous studies have shown that the sex-determining region, Y-box 2 (SOX2), is
sufficient to induce mouse and human astrocytes to differentiate into neural stem cells and cells
with a neuronal phenotype. This work aimed to re-program adult rat astrocytes to a neuronal
phenotype, in vitro, using a SOX2 lentivirus. To our knowledge this is the first study looking at
in vitro reprogramming of rat astrocytes. Furthermore, this study evaluated the survivability and
effectiveness of reprogramming adult rat astrocytes with SOX2 under oxidative stress. This
research has the potential to provide further information for the use of in vivo injections of SOX2
after ischemic injury.
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Title: Phenotypic changes during an endothelin-induced cell cycle in rat cortical astrocytes in
culture
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Abstract: Endothelin-1 (ET-1) is a mito—gen for astro—cytes and it is implicated in many CNS
patho—logies that involve reactive glio—sis, through the activation of a com—plex net~work of
in—ter—connected sig—nal—ing cascades that apparently include modification of phenotypic
markers, like expression of GFAP. Indeed, other mitogens like prolactin concomitant signal
proliferation and differentiation in conditions that fast gain in both numbers and extent of
differentiation in the astrocytic population is required, for example during development or
reaction to trauma. A major effector of both ET-1 receptors is ERK1/2, an important regu—lator
for both pro—liferation and diffe—rentiation. We have shown that among the receptor-proximal
effects that lead to a biphasic ERK1/2 activation is an acute activation of Ras, which controls
mainly the second amplification peak of ERK activation in rat cortical astrocytes in culture. We
have now probed the longer term effects of ET-1 signalling in this model, namely phenotypic
effects that take place within the first 24 hr of ET-1. First we verified that ET-1 signalling leads
to proliferation, as the vast majority of cells had incorporated BrdU, and nuclear expression of
CENPE and cyclin B were significantly upregulated, all pinpointing that astrocytes had
progressed to G2. We then examined protein and mRNA levels of GFAP, S100b, and ¢cJUN and
found that by 6h there were small but significant upregulations, probably intended to increase the
load of GFAP and S100b for cytokinesis. Once the cells progressed to S phase and de novo
expression of cell cycle proteins started, transcription for GFAP and S100 was reduced. Next,
using in vivo crosslinking of the proteins and high Triton-X-removal of membranes prior to
fixation for best visualization of cytoskeleton, and confocal microscopy, we observed that the
changes in GFAP expression with ET-1 were accompanied by a remarkable remodeling of
GFAP positive filaments. Specifically, untreated cells exhibited thick, stubby, heavily loaded
with GFAP processes, while cells exposed to ET-1 appeared with larger, enriched in GFAP
somata and long, thin processes with fewer GFAP filaments. Importantly, when Ras activation
was simulated with overexpression of v-Ras or siRNA-mediated depletion of the Ras-GAP
neuro-fibromin (after nucleofections) we observed elongated processes that were highly enriched
in GFAP; after 24h of ET-1, somata were further enlarged with very dense GFAP filaments.
Collectively these results indicate that mitogen ET-1 activates concurrent signalling cascades
that affect differentiation programs, controlled by Ras.
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Abstract: It has been shown that astrocytes exert their function in the tripartite synapse and
make contact with brain vessels by plasma membrane (PM) extensions (perisynaptic processes
and perivascular endfeet, respectively). Such PM extensions express aquaporin-4 (AQP-4) and
K+ inward rectifying (Kir) channels, regulating both water and K+ homeostasis. Astrocyte
activity is largely modulated by purines, such as adenosine. Therefore in the present study we
focused on effects of purines in PM extension growth in astrocytes. In western blot analysis, we
observed an increased expression of P2Y 1 receptor over time in cultured hippocampal
astrocytes. In isolated cells, we validated functional P2Y1 receptor (endogenous Gq protein
coupled receptor) by monitoring calcium flux in living cells loaded with Fluo-4 calcium
indicator, after stimulation with the selective agonist 2-methylthioadenosine diphosphate
(2MeSADP, 100 uM). In order to evaluate PM extensions in astrocytes, living cells were stained
with the fluorescent PM dye CellMask Orange, stimulated with 2MeSADP and imaged for 20
min. Number and length of PM extensions increased over time and such effect was prevented by
pre-treatment with selective P2Y'1 antagonist, MRS 2179 (1 uM). Since calcium mobilization by
Gg-mediated pathway might contribute to PM extension growth, we performed experiments in
presence of calcium chelator EGTA in the buffer. In cells loaded with Fluo-4 indicator and
incubated with 10 uM EGTA for 10 min, astrocytes stimulated with 2MeSADP did not show
either intracellular calcium increase or PM extension growth. In a different set of imaging
experiments, cells treated with phospholipase C inhibitor U73122 (3 uM) showed a dramatic
decrease of PM extensions in length and number. Based on this observation we hypothesized that
reduction of PM extensions will affect both AQP-4 expression and Kir function. Western blot
analysis of AQP-4, in conditions tested in imaging experiments, did not show any changes in
protein level. Patch-clamp recordings were performed in isolated astrocytes applying voltage-
steps (-180 mV to 60 mV) to elicit Kir current in basal condition and after U73122 application. A
dramatic increase in current through K+ channels at negative potentials (-180 mV to -100 mV)
was observed within 3 min in U73122. At positive potentials (20 mV to 60 mV), K+ current was
reduced over time up to 10 min. These data show a dynamic modulation of astrocytes PM
extensions by adenosine through P2Y1 receptors and the Gg-mediated pathway, suggesting their
role in astrocyte buffering function, crucial for brain homeostasis.
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Abstract: It is generally believed that the basic function of astrocytes is achieved at the syncytial
(system) level in the adult brain. However, the mechanism underlying this important functional
aspect remains largely unknown. We show that, in the adult hippocampus, an extensive gap
junction coupling synchronizes the membrane potential among coupled astrocytes to achieve a
syncytial isopotential. However, when this occurs during the postnatal development and how this
is associated with the maturation of the organizational patterning of syncytia are questions that
remain to be answered. In the present study, the developmental change in syncytial organization
was monitored by confocal morphometric analysis of hippocampal CA1 syncytia disclosed by
intracellular biocytin loading through patch pipette. The functional maturation of the syncytial
network in the same region was analyzed by use of K'-free pipette solution. In the adult
hippocampal CA1 region, a quasi-physiological membrane potential can be maintained due to a
powerful electrical and ionic coupling provided by the associated syncytium. In contrast to the
mature syncytium, K'-free pipette solution can induce membrane potential depolarization. We
further show that the syncytial function reaches to a mature level around P11. Altogether, we
show that the syncytial function can be readily detected by our newly established method, and
the functional maturation of hippocampal syncytium undergoes developmental regulation.
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Abstract: Astrocytes are the most numerous cells in the central nervous system with a range of
homeostatic and regulatory functions. Under normal conditions as well as after ischemia,
astrocytes promote neuronal survival. We have previously reported that the complement-derived
peptide C3a stimulates neuronal differentiation of neural progenitor cells and protects the
immature brain tissue against hypoxic-ischemic injury. Here, we studied the effects of C3a on
the response of mouse cortical astrocytes to ischemia. We have found that chemical ischemia,
induced by combined inhibition of oxidative phosphorylation and glycolysis, up-regulates the
expression of C3a receptor in cultured primary astrocytes. C3a treatment protected wild-type but
not C3a receptor deficient astrocytes from cell death induced by chemical ischemia or oxygen-
glucose deprivation by reducing ERK signaling and caspase-3 activation. C3a attenuated
ischemia-induced upregulation of glial fibrillary acidic protein, however the protective effects of
C3a were not dependent on the presence of the astrocyte intermediate filament system. Pre-
treatment of astrocytes with C3a during recovery abrogated the ischemia-induced
neuroprotective phenotype of astrocytes. Jointly, these results provide the first evidence that the
complement peptide C3a modulates the response of astrocytes to ischemia and increases their
ability to cope with ischemic stress.
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Abstract: Historically, the model of the synapse consisted of the pre- and post-synaptic neurons.
New research suggests that astrocytes, a type of brain glial cell, play a crucial role in synapse
structure and function. Astrocytes have a highly complex 3-D morphology that includes intricate
connections with synapses, the vasculature and other astrocytes; as such, they have a variety of
functions, including trophic and metabolic support of neurons, synaptic development and
signalling, control of the microvasculature and co-ordination of neuronal networks. However, it
is unclear whether astrocytes possess specialized regions to compartmentalize these functions.
Our hypothesis is that astrocytes possess functional microdomains, specialized morphological
compartments within a cell with a specific, highly localized array of proteins necessary for
regional specialization and cellular function. To investigate this hypothesis we have combined
DiOlistics, a biolistic technique for labelling the complete morphology of individual cells in
brain tissue with lipophilic fluorescent dye, with immunocytochemistry to label individual
proteins. We examined the distribution of these proteins within the complex three-dimensional
morphology of individual adult murine brain astrocytes using confocal microscopy, and then
determined their distribution in three-dimensions using Imaris™, a 3-D confocal rendering
software. Our preliminary studies suggest differences between the distribution of proteins among
astrocytes from similar brain regions, as well as astrocytes differing in GFAP expression.
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Abstract: Due to their high and selective membrane permeability to K+ ions, astrocytes act as
nearly perfect potassium electrodes. As a result, experimental efforts to measure the strength and
nature of the gap junction connections between astrocytes have been largely ineffective: in patch
clamp experiments, the vast majority of injected current is shunted across the cell membrane
rather than flowing through the gap junction channels. We have created a network model of the
astrocytic syncytium to aid in theoretical understanding of the gap junction connections, as well
as to verify recent experimental results from Ma et al using a new cytosol-replacement protocol
that avoids the problem of current shunting. Each astrocyte is modeled as a single compartment
following the Hodgkin-Huxley formalism. The model includes variables for membrane potential,
K+ and Na+ concentrations (intra- and extra-cellular), as well as bath and electrode pipette
concentrations. Electrical currents and ionic fluxes across the cell membrane and through gap
junction channels are calculated according to the Goldman-Hodgkin-Katz equation for
electrodiffusion, using ionic permeabilities obtained from the literature. The model predicts the
recently discovered ‘isopotential” effect in coupled astrocytes, whereby membership in a
syncytium serves to synchronize membrane potentials among the cells and prevent large
depolarizations due to localized ionic or electrical perturbations. The model is further able to
predict the strength of coupling across the gap junction channel via a fitting parameter
s=P_(K,gap)/P_K . The predicted value of s is 1, corresponding to a maximum conductance of
240.5 nS across a gap junction connection. The major physiological implication of the
isopotential effect is increased capacity for K+ uptake from the extracellular space, which greatly
enhances the effectiveness of K+ spatial buffering by astrocytes. Our model predicts that a
syncytium consisting of cells coupled with 11 neighbors is sufficient to maintain a physiological
membrane potential in the presence of a 20 mM extracellular increase in K+ concentration, and
to efficiently distribute the excess potassium across the syncytium on a time scale of seconds.
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Abstract: Astrocytes are extensively coupled through gap junctions into a syncytium. However,
the basic role of this major brain network remains largely unknown. Here, we use
electrophysiological and computational modeling methods to demonstrate that the membrane
potential (VM) of an individual astrocyte in a hippocampal syncytium, but not in a single, freshly
isolated cell preparation, can be well-maintained at quasi-physiological levels when recorded
with reduced or K+ free pipette solutions that alter the K+ equilibrium potential to non-
physiological voltages. We show that an astrocyte’s associated syncytium provides powerful
electrical and ionic coupling that synchronizes the astrocyte’s VM to levels comparable to its
neighbors. Functionally, this minimizes VM depolarizations due to elevated levels of local
extracellular K+ and thereby maintains a sustained driving force for highly efficient K+ uptake.
Thus, gap junction coupling functions to achieve an isopotentiality in astrocytic networks,
whereby a constant extracellular environment can be powerfully maintained for crucial functions
of neural circuits
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Abstract: Altered activity of glycogen synthase kinase-3 (GSK-3) is associated with psychiatric
diseases and neurodegenerative diseases. GSK-3 is a key regulator in multiple aspects of
neuronal differentiation in the brain. However, little is known about the role of GSK-3 in
astrocyte regulation. To examine the role of GSK-3 in astrocytes, we generated a conditional
knockout mouse using a GFAP-cre driver, in which the GSK-3 alpha and beta genes are deleted
in astrocytes. We found that GFAP-cre-mediated GSK-3 deletion led to a larger brain. The
number and size of astrocytes were increased in GSK-3 mutant brains. The levels of GFAP and
phospho-STAT3, indicators of astrogenesis, were elevated in GSK-3 mutants. Furthermore, we
found upregulation of astrocyte regulatory molecules such as phospho-AKT, phospho-S6, and
cyclin D in GSK-3 mutant brains. Finally, GSK-3 mutant mice exhibited aberrant anxiety and
social behavior. Our results suggest that GSK-3 plays a significant role in astrocyte regulation
and behavioral control in mice.
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Abstract: Astrocytic cAMP signaling plays an important role in several crucial physiological
processes in the brain, including metabolic coupling to neurons. However, the regulation of
cAMP levels by phosphodiesterases in astrocytes has not been determined. Here we investigate
the hypothesis that phosphodiesterase 3 (PDE3) is an important regulator of astrocytic cAMP
levels in the brain. The presence of PDE3 in astrocytes could have intriguing functional impact
as this PDE is inhibited by cGMP. Recent transcriptome and protein analyses have confirmed
high levels of astrocytic PDE3. Interestingly, nitric oxide (NO)-stimulated cGMP production has
been demonstrated to potentiate cCAMP levels via PDE3 inhibition in blood vessels. To examine
the role of PDE3 in modifying cAMP levels, we performed ELISAs in both acute rat
hippocampal brain slices and primary astrocyte cultures. Our preliminary data indicate that the
PDE3 inhibitor, cilostamide (10uM), enhances forskolin-induced cAMP increase. In addition,



application of the nitric oxide (NO) donor, SNAP (100 pM), also potentiated the cAMP increase,
consistent with PDE3 sensitivity to cGMP. To further confirm that NO-induced cGMP is
modulating cAMP levels through PDE3 inhibition, the experiment will be repeated in the
presence of the soluble guanylyl cyclase inhibitor, ODQ. We are also examining the downstream
consequences of increasing astrocytic cAMP by NO modulation. We have previously shown that
activation of metabotropic glutamate receptors on astrocytes leads to prostaglandin E2 release
and subsequent vasodilation. Intriguingly, cAMP elevation leads to lactate efflux from astrocytes
which inhibits prostaglandin reuptake transporters. Hence NO may potentiate vasodilation by
enhancing PGE2 signaling. Additionally, cAMP also modulates connexin43 (Cx43) expression
and gap junction assembly in hepatoma cells. We therefore predict that NO can alter Cx43 levels
and subsequent gap junction coupling of astrocytes. Thus we will perform immunoblotting and
dye flux imaging to assess the level of plasma membrane Cx43 and astrocyte coupling,
respectively. NO can be generated by either constitutive or inducible NO synthase in several
different cell types such as interneurons and microglia. This raises an intriguing possibility that
crosstalk may occur between different cell types and astrocytes to modulate cAMP-dependent
pathways in astrocytes that are important in maintaining the healthy brain.
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Abstract: Within an astrocytic syncytium of adult mice hippocampus, a powerful electrical and
ionic coupling equalizes the membrane potentials among the coupled cells to achieve a syncytial
isopotentiality. The existence of a syncytial isopotential is indicated by the ability of syncytial
coupling to maintain a physiological membrane potential for any individual astrocyte in the
network when K" ions were totally substituted by other monovalent cations in the whole-cell
recording pipette solution, whereas the same experimental condition depolarizes freshly
dissociated single astrocyte to ~0 mV as predicted by the Goldman-Hodgkin-Katz equation. To
answer whether the observed syncytial isopotential in the adult hippocampus represents a general



functional aspect of astrocyte network, the same experimental method was used to examine
astrocyte syncytia in other grey matter regions, such as hippocampal dentate gyrus and various
subregions of cerebral cortex, as well as the white matter of the corpus callosum. In confocal
morphometric analysis, we show that the density and spatial organization patterns do vary within
various grey matters, and between grey and white matter. However, independent of these
variations, a similar syncytial isopotentiality always exists in all the brain regions examined.
Therefore, syncytial isopotential is most likely a universal characteristic of the astrocyte
syncytial network that serves as a fundamental mechanism for the homeostatic support function
of astrocytes throughout the brain.
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Abstract: The inflammatory response in the central nervous system is a multifactorial process
involving resident neural cells as well as infiltrating immune cells. These cells communicate by
secreting cytokines, chemokines, and growth factors. Astrocytes are known to play multiple roles
in neuroinflammation but there are no detailed studies to classify the heterogeneity of activated
astrocytes according to their cytokine and chemokine secretion profile. In the past we have set up
an automated dissociation procedure for neonatal brain using the gentleMACS Octo Dissociator
with an optimized enzymatic treatment. For isolation and culture of adult neural cells we have
further improved the method and included a novel protocol for removal of debris and
erythrocytes, yielding 2-4 x10E6 living cells per mouse brain. To assess and compare neonatal
and adult astrocyte diversity we first analyzed their transcriptome by mRNA sequencing of
single cells. Astrocytes were separated to a purity of > 98,5 % using MicroBeads (MACS®)
coupled to a specific pan-astrocyte marker, Anti-ACSA-2. The C1 Single-Cell Auto Prep System
(Fluidigm) was used for capturing single cells in integrated fluidics circuits (IFCs), and



subsequent reverse transcription and cDNA amplification in a nanoliter reaction volume. The
single cell transcriptome analyses revealed a divers molecular profile of both neonatal and adult
astrocytes. Next, we characterized the cytokine secretion profile of activated neonatal and adult
astrocytes. Immunocytochemistry analyses showed that neonatal and adult astrocytes expressed a
broad range of cytokines and chemokines. When lipopolysaccharides (LPS) or conditioned
media from LPS-stimulated microglia were added to neonatal astrocytes, an increased level of
GM-CSF was detected by MACSPlex Cytokine Kit (Miltenyi Biotec). In case of adult astrocytes
a distinct secretion profile dominated either by GM-CSF or IL23 was detected when activating
adult astrocytes with LPS+TNFa or LPS+IFNg, respectively. This points to diverse astrocyte
subtypes which are capable of reacting to different stimuli. In summary, we present a novel
technology to purify functional astrocytes from neonatal and adult mouse brain paving the way
for sophisticated molecular and cellular analyses. Single cell transcriptome analyses revealed
general molecular diversity of astrocytes while cytokine secretion analyses of activated
astrocytes demonstrate their functional diverse and stimulus-dependent polarization. The
characterization of astrocyte polarization will help to further understand and modulate the
inflammatory response in the CNS in diseases such as multiple sclerosis.
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Abstract: Fibroblast growth factor 21 (FGF-21) is an identified regulator of glucose and lipid
metabolism, and has been proposed as a potential target for treating diabetes, obesity, and
hyperlipidemia. Valproic acid (VPA), a mood stabilizer and an anticonvulsant drug, is a histone
deacetylase (HDAC) inhibitor, and regulates gene expression via chromatin remodeling through
epigenetic mechanisms. Recently, our lab reported that FGF-21 mRNA and protein can be
markedly induced in rat brain-derived neurons by combined treatment with the mood stabilizers
VPA and lithium, while VPA alone was ineffective (Leng et al., Mol Psychiatry 2015). As an
extension of our previous work, this study investigated the effects of VPA and other HDAC
inhibitors on the expression of FGF-21 in glial cells. Incubation of C6 glioma cells with VPA
and other pan HDAC inhibitors such as sodium butyrate, trichostatin A (TSA) and SAHA, all
robustly increased FGF-21 mRNA levels in a dose and time-dependent manner. Class | HDAC
inhibitors such as MS-275, apicidin, FK-228 and MGCD103 also caused a dose-dependent
increase in FGF-21 mRNA; however, the HDAC6-specific inhibitors rocilinostat (ACY-1215)
and tubastatin A had no significant effects. To identify the class | HDAC isoform(s) involved in
the regulation of FGF-21 expression, we employed lentiviral shRNA-mediated knockdown
technology. Knock down of HDAC?2 or 3 isoforms in C6 glioma with their specific shRNA,
elevated FGF-21 mRNA level by 8- or 3-fold, respectively. In contrast, HDAC1 isoform
knockdown produced no FGF-21 mRNA expression changes in these cells. Knock-down of
either HDAC?2 or 3, but not HDAC1 markedly increased neurite-like elongation in C6 cells,
similar to effects of VPA. Furthermore, knock-down of endogenous FGF-21 with lentivirus-
mediated shRNA significantly reduced VPA-induced neurite-like elongation in C6 cells.
Conversely, lentivirus-mediated overexpression of recombinant FGF-21 increased the length of
neurite projection. Additionally, in rat cortical primary astroglia-enriched cells, VPA and SAHA
upregulated the FGF-21 mRNA level by 4- and 8-fold, respectively, and this was associated with
a marked increase in neurite-like projections in cortical astrocytes. Taken together, our results
suggest that inhibition of HDAC2 and 3 by VPA or other HDAC inhibitors up-regulates FGF-21
and neurite-like elongation in glial cells. The neurobiological significance of FGF-21 up-
regulation in glia requires further investigation.
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Abstract: Recent publications have shown stimulation of brain cytokines, chemokines and
prostaglandin E2 (PGE2) in mice following peripheral injections of 20 mg/kg lipopolysaccharide
(LPS). In these studies monoacylglycerol lipase (MGL) inhibitors have been shown to reduce
LPS-stimulated cytokine and PGE2 elevations in brain extracts. These observations suggest
MGL inhibitors may be capable of reducing neuroinflammation. Here we use cultured primary
mouse astrocytes to model neuroimmune effects of MGL inhibitors, comparing those effects to
FAAH inhibitor INJ-40355003. Results of these studies show secretion of cytokines such as I1-6,
11-13, IP-10/CXCL-10, KC/CXCL-1, MCP-1 and RANTES are stimulated by 10 ng/ml LPS in
primary mouse astrocytes, and these secretions are blocked by 10 uM of the MGL inhibitors but
not by 10 uM of the FAAH inhibitor. While a wide variety of cells participate in neuroimmune
signaling including astrocytes, microglia, endothelial cells, pericytes, neurons and infiltrating
peripheral immune cells, these observations suggest aspects of brain cytokine modulation by
MGL inhibitors observed in vivo can be modeled with primary astrocytes in vitro. References: JE
Schlosburg et al, Nature Neuroscience. 13, 1113-1121 (2010) DK Nomura et al, Science. 334,
809-813 (2011)
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Abstract: Glial fibrillary acidic protein (GFAP) is widely regarded as an astrocyte marker.
However, its function in astrocytes remains largely unknown. Point mutations in either GFAP
allele are sufficient to induce a disease known as Alexander disease. Though rare, the existence
of Alexander disease suggests critical roles for GFAP. We endeavored to investigate Alexander
disease in an effort to not only understand disease mechanisms, but also to explore the function
of GFAP within astrocytes. To that end, we established induced pluripotent stem cells (iPSCs)
from Alexander disease patients with different GFAP mutations. We also generated isogenic
iPSCs by correcting the GFAP mutations with CRISPR/CAS?9. Strikingly, astrocytes
differentiated from patients’ iPSCs exhibited GFAP aggregation, hallmark pathology of
Alexander disease. Functional analysis revealed altered metabolic properties,glutamate buffering
capacity, and interaction with neurons. These results highlight the functions of GFAP beyond a
cytoskeletonprotein. This study has also demonstrated the feasibility of human disease modeling
in vitro as well as elucidated potential future directions for understanding roles of GFAP and
astrocytes in human health and disease.
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Abstract: Efficient phagocytic clearance of apoptotic cells in the central nervous system (CNS)
is necessary to avoid toxicity and auto-immunity. Astrocytes, the most abundant cells in the
brain, were shown to take part in debris clearance and tissue repair in several brain pathologies
such as Mutliple Sclerosis, Alzheimer's disease and traumatic brain injury. Extensive work has
been done on the clearance of apoptotic cells in C. elegans and Drosophila and several receptors
such as cell death abnormality protein 1(CED-1) and Draper have been identified. However, in
the mammalian and rodent CNS, the receptors involved in the clearance of apoptotic cells have
not been definitively identified yet. Multiple EGF-like domains 10 (Megf10) is a type-I receptor
that consists of all the structural features of CED-1, positioning it as a high-potential candidate
for the mammalian CED-1 homologue. We and others have found that Megf10 is highly
enriched in the brain, specifically in astrocytes. Moreover, Megf10 mediates engulfment of
apoptotic neurons in-vitro. Furthermore, to study the function of Megf10 as an engulfment
receptor in-vivo we generated a Megf10 knockout (Megf10-KO) mouse and found that lack of
one or two copies of Megf10 results in an accumulation of apoptotic cells in the developing
cerebellum and to locomotor deficits in the adult mouse. Notably, our results demonstrate for the
first time, a role for Megf10 expressed on astrocytes in apoptotic-cells clearance ex-vivo,
indicating that the accumulation of apoptotic cells in-vivo might be due to altered astrocytic-
phagocytic activity. This data is highly relevant to EMARDD patients, which on top of the
obvious muscle deficits might have cerebellum-related motor impairments due to failure of
proper clearance of apoptotic cells. All together, these findings indicate that Megf10 plays an
important role in astrocyte-mediated clearance of apoptotic cells.
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Abstract: The SLC25 carrier family drives the import of a large diversity of metabolites into
mitochondria, a key cellular structure involved in many metabolic functions such as ATP
synthesis by oxidative phosphorylation, tricarboxylic acid cycle or fatty acid oxidation.



Dysfunctions of these carriers result in severe diseases affecting organs requiring a high energy
production such as muscles, heart, liver and brain. Moreover, direct dysfunction of the
mitochondrial respiratory chain resulting in ATP synthesis deficiency are involved in diverse
epileptic syndromes such as MERRF, MELAS, Alpers syndrome and some cases of early
epileptic encephalopathies. In this study, we focus on the mitochondrial glutamate carrier
SLC25A22 (also named GC1), which is involved in early epileptic encephalopathy and
migrating partial seizures in infancy, and wondered if these syndromes could be due to a defect
in ATP synthesis. In brain, GC1 is highly expressed in astrocytes and is the principal glutamate
gate to entry into mitochondria. Here, we combined RNA interference to trigger GC1
knockdown to electroporation-mediated transfection using the Neon® Transfection System in
order to target a high number of primary astrocytes. We measured several biochemical
parameters such as NADH, mitochondrial membrane potential and level of cytosolic ATP. We
found that the global ATP amount was similar in presence or absence of GC1. Our results
suggest that GC1 is not crucial for energy formation and that GC1-related epileptic
encephalopathies are not due to an energy failure in astrocytes.
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Abstract: In the brain, calcium regulates mitochondrial respiration both by activation of ATP
consumption and by Ca signaling. Ca signaling in mitochondria may regulate respiration: i) after
Ca entering through mitochondrial uniporter (MCU), activating mitochondrial dehydrogenases
and FOF1-ATPsynthase; or ii) activating Ca-binding mitochondrial carriers, ARALAR and
SCaMCs from the outer face of the inner mitochondrial membrane, which involves metabolite
supply. In neurons, ARALAR contributes significantly to workload and Ca-induced respiration
(1). In brain astrocytes, ARALAR levels are undetectable and this work aims to study the
metabolic response of cultured astrocytes to different workloads and the possible role of Ca in
response, using different ligands, glutamate (L-Glu) and ATP. L-Glu is transported into the
astrocytes resulting in increased Na+ uptake, which drives ATP breakdown, and also acts on
metabotropic L-Glu receptors. L-Glu (200 uM - 500 uM) produced a small rise in Cai in
cultured astrocytes, increased glucose utilization, lactate production and stimulated oxygen
consumption in an acute and stable way (OCR, by Seahorse XF24 Extracellular Flux Analyzer)
and maximal uncoupled respiration (MUR) in the presence of 2.5 mM glucose. A transportable
but non-metabolizable glutamate analog, D-aspartate (D-Asp) (500 uM), which also increases
Cai, stimulated respiration in a way similar to L-Glu, but failed to increase MUR, clearly
showing that L-Glu is used as respiratory substrate by cultured astrocytes. L-Glu and D-Asp-
stimulation of respiration was only slightly reduced in the absence of Cao, consistent with a
major role of ATP demand in stimulation of OCR. ATP (100 pM - 1 mM) activates metabotropic
and ionotropic purinergic receptors and induces a larger Cai rise than L-Glu in cultured
astrocytes. ATP caused an increase in glucose utilization and lactate production, and also an
acute and transient rise in OCR, which was dependent on Cao. Whether this is due to increased
Ca-dependent workload or to the effects of Ca on upregulation of respiration is part of the
ongoing work. Remarkably, MUR was also Ca-dependent, especially in astrocytes exposed to
high ATP concentrations. It is likely that glycogen breakdown via Ca-dependent adenylate
cyclase and PKA (2) plays a role in increasing MUR in the presence of Ca. Further studies are
required to dissect the role of MCU and SCaMC-3 and Ca-dependency with each stimulus. 1.
Llorente-Folch et al. J Neurosci (2013) 33:13957-71. 2. Miiller MS et al. Glia (2014) 62:154-62
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Abstract: Several recent studies show that mitochondria are found in astrocytic processes and
may even be found in the fine peripheral astrocytic process (PAPs). In fact, we recently showed
that these mitochondria are mobile and that neuronal activity positions mitochondria near
glutamate transporters and excitatory synapses (Jackson et al., J. Neuroscience, 2014).
Mitochondrial dysfunction in neurons and excitotoxicity from failure of astrocytic glutamate
uptake are at the core of delayed neuronal death after a transient ischemic insult. Aside from
inducing hypothermia, this secondary pathology is currently untreatable. We hypothesized that
astrocytic mitochondrial dynamics would be altered during secondary pathology; this could
impair glutamate clearance and exacerbate excitotoxicity. To test this hypothesis we exposed
organotypic hippocampal slice cultures to transient (30 min) oxygen glucose deprivation (OGD)
after selective biolistic transfection of astrocytes to label mitochondria and plasma membrane. In
agreement with the literature and as is observed with stroke in vivo, we observe preferential and
delayed cell death in area CA1 that was blocked by ionotropic glutamate receptor (iGluR)
antagonists. We found that this insult results in a dramatic, delayed loss of mitochondria in
astrocytic processes. Mitochondrial fractionation (increased number, decreased length) was
apparent by 9 hrs after OGD injury, followed by progressive loss of mitochondria from 12 to 24
hrs. By 18 hrs after injury, the fraction of process length occupied by mitochondria was reduced
by ~40%, and mitochondrial length was reduced by ~60%. We observed a time-dependent
increase in the colocalization of mitochondria with a transfectable autophagosome marker
(EGFP-LC3B) indicative of increased mitophagy. Treatment with N-methyl-D-aspartate (100
uM for 30 min), which causes acute neuronal death, also caused a loss of astrocytic
mitochondria. iGluR antagonists partially blocked the effects of OGD on astrocytic
mitochondria. Cyclosporin-A, which inhibits mitochondrial fission and increases mitochondrial
capacity for calcium buffering, also attenuated the loss of mitochondria after OGD and was
protective. We are currently investigating possible physiologic and pathologic consequences of
this loss of mitochondria. Understanding the mechanisms underlying this loss of astrocytic



mitochondria after transient OGD could provide new therapeutic targets for the currently
untreatable secondary pathology following transient ischemic stroke.
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Abstract: Methamphetamine (Meth) is a potent and commonly-abused psychostimulant.
Chronic exposure to Meth induces decreased neuronal activity in the medial prefrontal cortex
and nucleus accumbens (key regulators of cognition and addiction in the reward pathway), which
may contribute to the mechanisms underlying Meth addiction. It is not fully understood whether
such decrease results from alterations in synaptic/intrinsic excitability of neurons, or
dysregulation of the extracellular environment (e.g., glutamate and K levels) mediated by
surrounding astrocytes. To fill this knowledge gap, we assessed the acute effects of Meth on
functional activity of certain voltage-gated ion channels in the cell membrane of primary human
fetal astrocyte (HFA) using whole-cell voltage-clamp recording. We firstcharacterized the
activity of K channels in HFAs. Under blockade of voltage-gated Na" and Ca®* channels, we
found that HFAs showed a resting membrane potential (RMP) of -48+2 mV (-26 to -73 mV
range). Blockade of the two-pore domain K channel (K,p) with quinidine (I mM) induced
depolarization of RMP in vehicle-treated control cells (p<0.05), revealing the role of Kyp
channels in maintaining RMP of HFAs. HFAs showed predominant voltage-sensitive, out-
flowing K" currents (VGKCs, a characteristic of immature or reactive astrocytes) at depolarized
membrane potential levels (¥, 60-100 mV). Bath-applied TEA (a selective K channel blocker,
20 mM) suppressed these currents (p<0.001), indicating that these currents were mediated by,
and passed through activated VGKC channels. In another set of experiments, voltage-gated Ca**
currents were not found in HFAs. Exposure of HFAs to acute Meth (20, 100, or 300 uM for 3-6
hrs) induced depolarization of RMP (all p<0.05). With K,p channel blockade, Meth-induced



depolarization showed no significant difference vs. that induced by vehicle (p=0.5), suggesting
that Meth decreased Kp channel activity. Exposure to Meth (20, 100, or 300 uM) also induced a
significant reduction in VGKCs compared to vehicle-treated controls (all p<0.05). There was no
significant difference between the reduced VGKCs induced by TEA and by TEA+Meth (p>0.2),
indicating that acute Meth also induced a decrease in VGKC channel activity. Together, these
novel findings suggest that Meth disturbs HFA activity partly by decreasing activity of K,p and
VGKC channels. This could reduce K* out-flow and consequentially decrease local extracellular
K" levels ([K'].). If a similar decrease of [K']. occurs in mature astrocytes in the brain, it may
contribute to lowering [K']., and thereby decreasing excitability of neurons surrounded by
astrocytes.
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Abstract: Astrocytic intracellular Ca** signaling has come to light as a prominent feature of
neuronal-glial interactions. The majority of astrocyte Ca®* signaling studies are performed in
either culture or in situ brain slices, both of which rely on electrical stimulation or
pharmacological methods to examine the spatial and temporal coding of astrocyte Ca>" signals.
We have investigated visually evoked Ca®" responses in astrocytes of the visual cortex of awake,
head-fixed mice using two-photon microscopy. Initially, our studies involved the use of viral-
mediated delivery of genetically encoded calcium indicators. However, in order maintain an
intact and unperturbed cortex, we have chosen to use a recently developed line of conditional



transgenic animals that express GCaMP5G in astrocytes throughout the mouse brain. We have
found that Ca®" transients in distal processes of cortical astrocytes are more frequent than those
observed in anesthetized preparations, exhibiting a variable relationship to somatic responses.
Furthermore, we found discrete structural regions of distal processes of single astrocytes that
responded to sinusoidal drifting gratings and were tuned to specific orientations. Natural movies
(NM) are known to evoke sparse, but reliable, responses from V1 pyramidal neurons.
Surprisingly, we found discrete processes of astrocytes also respond reliably to natural movies.
Responses to sinusoidal gratings were also less reliable than to natural movies. We hypothesize
that these reliable astrocytic microdomain Ca®" transients are due to the synchronous activation
of neighboring ensembles of synapses. Together our results suggest that astrocytes could play an
important role in modulating information processing in V1, potentially by modulating response
reliability at pyramidal cell synapses.
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Abstract: Ca®"-dependent pathways in neurons and astrocyte endfeet initiate changes in arteriole
diameter to regulate local brain blood flow. We have described that there exists a threshold of
synaptic activity that must be met before astrocytic Ca®" elevation can be observed during
neurovascular coupling. Although other work has shown that ‘supra-threshold’ astrocyte
activation was the result of synapse-borne glutamate spillover, the factors that set the sensitivity
of astrocytes (i.e. change the threshold) to increasing synaptic activity is unknown. Here we test
various candidates that may tune the astrocyte activation threshold such as neuromodulators
(noradrenaline and acetylcholine), metabolic substrates (oxygen, lactate and adenosine) and
extracellular potassium. We used two-photon fluorescence microscopy to examine synaptically
evoked synthetic or genetic Ca>" indicator signals around penetrating arterioles in acute slices of
the rat neocortex. Our preliminary data exploring the role of extracellular [K '] found that



although spontaneous Ca”" transients were suppressed by higher external [K'] (5SmM), activation
threshold of astrocyte soma and endfeet was not different from that of physiological [K']
(2.5mM). Our continued work in this area will explore the remaining candidates.
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Abstract: The neuronal circuits that generate behaviors are actively modulated by numerous
factors, including the rate at which neurotransmitter transport occurs in neighboring neuronal and
glial cells. Details of the neuronal circuit map of the Drosophila larval ventral nerve cord are
developing rapidly, so we decided to use this model system to probe the effects of altered
astrocyte physiology on neuronal circuit output. Here, we examined the anatomical and
physiological relationships between Drosophila astrocytes and a defined population of pre-motor
synapses. We identified a group of neurons with dvGlut-positive terminals that form inhibitory
pre-motor connections. These neurons have been named “loopers”, after the looped morphology
of their primary process, or “period-positive median segmental interneurons” (Kohsaka et al.,
2014). First, we ascertained the distance between looper-motor neuron synapses and astrocyte
processes because the temporal dynamics of astrocyte modulation of synaptic transmission
depend, in part, on distance. To address this, we used a serial electron micrograph (EM) image



set extending through ventral nerve cord segments A2 — A5. Looper neurons were identified by
the ventro-medial location of their cell bodies and the distinct morphology of their primary
process in the CATMAID (Collaborative Annotation Toolkit for Massive Amounts of Image
Data) environment. We then selected small 3D EM volumes encompassing distal synapse-rich
segments of looper neurons and exported them into Reconstruct software. Looper neuron
processes, their associated pre-synaptic active zones, and all astrocyte processes within the 3D
volume were traced and reconstructed, and the distance between an active zone and the nearest
astrocyte membrane was measured. Many looper synapses had no apposing astrocyte processes,
and the distance separating active zones from the nearest astrocytic process varied one-hundred-
fold from 0.01 to 0.99 microns. Despite this variation in distance, whole-cell recordings from
astrocytes revealed that optogenetically-mediated looper activation induces in the astrocytes an
inward current with a peak amplitude of 14.4 pA +/- 5.1 SD with delay of approximately 25 ms.
86% of the peak current amplitude was blocked by bath application of the glutamate transporter
blocker DL-threo-B-benzyloxyaspartate (DL-TBOA). We currently are examining the effects on
motor neurons of pharmacological as well as genetic astrocyte manipulation, allowing us to
generate a robust model of astrocyte-synapse modulation.
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Abstract: Astrocytes are known to maintain a proper ionic balance in the central nervous
system, take up neurotransmitters after synaptic signaling, and modulate synaptic activity - and
much of this is done through a reciprocal conversation in which neuronal activity induces
responses in glial cells that, in turn, modulate neuronal activity. Our long-term goal is to



elucidate the significance and underlying mechanisms of neuron-glia interactions using
pharmacological and genetic alterations of neuronal activity in Drosophila melanogaster. We
previously reported that constitutive RNAi knockdown of the GABA transporter in astrocyte-like
glia of the 3rd-instar ventral nerve cord (VNC) strongly reduced larval locomotion, indicating
that altering astrocyte function modulates activity in neurons comprising the motor circuitry
(MacNamee et al., SfN abstract 2013). Here we have manipulated neural activity in the larva in
two ways, to assess the impact of altered neuronal activity on astrocytes. In one set of
experiments, we fed larvae picrotoxin, which blocks GABAA receptors and glutamate-gated
chloride channels; we used a FLP-out genetic construct to visualize the detailed morphology of
astrocytes in the VNC. Results to date indicate that the pharmacological treatment, which would
be expected to change the balance of inhibition and excitation, significantly reduced locomotor
activity and concomitantly led to a marked decrease in the volume occupied by the branching
processes of astrocytes. In a second set of experiments, we used the Q system to overexpress in
all neurons a temperature-sensitive allele of shibire to reduce synaptic transmitter release; in the
same flies, we used the GAL4/UAS system to drive expression of membrane-targeted green
fluorescent protein in astrocytes. We developed a heat-shock protocol that maximizes the period
of diminished neural activity, maximizes larval survival, and minimizes time for possible
compensatory changes in astrocytes. Overexpression of shibire dramatically reduced larval
locomotion. The impact on glial morphology is being assessed using 3-D reconstructions of
high-magnification confocal microscopic images.
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Abstract: Understanding the ongoing signaling between neurons and glial cells requires a
detailed analysis of basic glial cell morphology and physiology. In particular, the shapes and
distribution of glial cells help to dictate the roles those cells play in regulating neuronal function.
In each segment of the ventral nerve cord of Drosophila melanogaster, the neuropil is organized
into distinct motor, interneuron, and sensory neuropils. Each hemisegment of the neuropil is
served by just six astrocyte-like glial cells, with cell bodies in characteristic positions around the
edge of neuropil. We are asking: What are the detailed morphological features of these
astrocytes, and how are their processes arrayed in the synaptic neuropil? We have combined the
GAL4/UAS and FLP/FRT systems to stochastically express green fluorescent protein (GFP) in
individual astrocytes in the ventral nerve cords of 3rd-instar larvae. For background staining, all
astrocyte nuclei were labeled using either an anti-Repo antibody or mCherry targeted to
astrocytes, and major axonal tracts (serving as fiducial markers) were visualized with an
antibody to Fasciclin II (Fas II). Images were collected on a laser scanning confocal microscope
and reconstructed in 3-D. The detailed morphology of each labeled astrocyte and its location
within the neuropil were analyzed. 3-D images of 42 individual cells revealed a variety of cell
morphologies: some cells are compact with highly branched arbors, some have multiple highly
branched arbors, and others have branches that extend out from the compact arborization to wrap
around Fas II-positive tracts. To our surprise, 45% of the astrocytes have a process that crosses
the midline, 36% have a single thin, unbranched process that travels along the outer rim of the
neuropil to a nearby glial cell body, and 9% have a single thin process that leaves the CNS in a
peripheral nerve. In separate experiments, we used the GAL4/UAS Flybow system to
stochastically label adjacent glial cells with different fluorophores. Overall, we found that
astrocytes roughly “tile” the neuropil (as previously noted by Stork et al. 2014); however, the
distal processes of adjacent cells often overlap to varying degrees.
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Abstract: Although methylmercury (MeHg) primarily affects neurons, especially the granule
cells in the cerebellum, astrocytes are also targets of this environmental neurotoxic metal. MeHg-
induced neurotoxicity in astrocytes has been studied in the cortical layer. However, effects on
cerebellar astrocytes are less studied, and regional differences can occur in astrocytes between
the two areas. The goal of this study was to compare the toxicity of MeHg on Type 1 cerebellar
and cortical astrocytes. Effects on MeHg on Type 1 astrocytes are especially important, because
they modulate cell functions in the synaptic cleft and MeHg affects synaptic function of
cerebellar granule cells. Determining if MeHg differentially affects Type 1 astrocytes from these
two brain regions could help delineate the cellular mechanisms underlying the preferential
sensitivity of cerebellar granule cells to MeHg. Primary astrocyte cultures from the cerebellum
and cortical forebrain layer were obtained from C57BL/6 male mice. At 13-15 DIV, cells were
exposed for 3h to OuM, 1uM, 2uM, or SuM MeHg. Cytotoxicity was measured 24h later using
EthD-1 and Calcein AM. Type 1 astrocytes were identified immuncytochemically using GFAP
and A2BS5. Type 1 astrocytes were GFAP+/ A2B5-. In parallel cell cultures, GFAP and the
nuclear fluorogenic indicator DAPI were used to calculate the percentages of astrocytes in the
cultures. The percentages in the cerebellar and cortical cell cultures were 98% and 100%
respectively. The mean percentage of cell death in the cerebellum was: 0 %, 21%, 63%, and 95%
at 0, 1, 2, or 5uM MeHg respectively. In the cortical layer it was: 1.1%, 1.3%, 20%, and 73%
respectively. Cell viability of cerebellar astrocytes was significantly reduced at 2-5 pM MeHg; in
cortical astrocytes viability was reduced only at SuM. At low MeHg concentrations, cortical
astrocytes were less affected by MeHg; the effect was significant at 2 pM MeHg when cerebellar
and cortical astrocytes were compared. The LC50s of the cerebellum and cortical layers were
1.15 uM and 4.24 uM MeHg, respectively. In conclusion, Type 1 cerebellar astrocytes are more
susceptible to MeHg-induced cytotoxicity than Type 1 cortical astrocytes and brain region-
dependent differences in cytotoxicity of astrocytes occur in response to MeHg.
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Title: Neuronal activity controls astrocyte proliferation through NMDA receptor signaling
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Abstract: Astrocytes are the most abundant cell type in the brain with critical roles in facilitating
synapse/circuitry development and functions. But the underlying mechanism that regulates
astrocyte proliferation has not yet been demonstrated. We hereby report a surprising result that
astrocyte proliferation is bi-directionally regulated by neuronal activity via NMDA receptor
(NMDAR) signaling. Using whole genome mRNA profiling, we found that a significant number
of cell cycle related genes were altered by the treatment with an NMDAR antagonist in
dissociated hippocampal cultures. Interestingly, these cell cycle related genes were expressed
and regulated specifically in astrocytes. Furthermore, NMDAR inhibition blocked baseline
astrocyte proliferation both in vitro and in vivo. And evoked neuronal activity was sufficient to
promote astrocyte proliferation through NMDARs, suggesting NMDAR signaling could bi-
directionally control astrocyte proliferation. Additional mechanistic studies identified an
NMDAR-induced molecule, expressed only in neurons, was responsible for this process. In
summary, we have found a novel NMDAR-initiated trans-cellular signaling event that controls
astrocyte proliferation.
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Title: Astrocytes affect the electrical activities of neurons to sound in medial geniculate body
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Abstract: Astrocyte(AS)involved in the plasticity of several neurons. But little is known about
the characteristics of AS in the auditory processing system. Here we investigated the
contributions of astrocyte to the plasticity of medial geniculate body (MGB). We used
extracellular electrophysiological recording techniques to record the changes of electrical
activities of neurons in MGB. SD rats with unilateral cochlear ablation at different survival time
were stimulated by pure tones of different frequency. Before and after the fluorocitrate injection,
the electrical activities of the neurons in MGB were recorded. We find that 3 hours after
fluorocitrate injection (1) the First spike latency (FSL) was shortened in 24 hours cochlear
ablation group (ab24); but for ab14 group the FSL is significantly extended. While FSL of ab30
group exhibited a continuous prolong, we find that ab14 group showed a longer FSL. (2) After
some reduction of the spike counts, the non-unilateral cochlear-ablation group (non-ab) showed
an increase of spike counts after 2 hours fluorocitrate injection. The spike counts of ab24 and
ab14 groups reduced after fluorocitrate injection; and the spike counts of ab30 days group
showed an increase first then reduce after fluorocitrate injection. The spike counts of ab24h,
abl4d and ab30d were all at their least after 2 hours fluorocitrate injection. The spike counts of
abl4d showed a significantly less in all of the groups. (3) According to the frequency tuning
curve (FTC), we found that all the characteristic frequency (CF) of non-ab, ab24, ab14 and ab30
group had a tendency moving to the high-frequencies. The minimum threshold (MT) of non-ab
group increased first then reduced after fluorocitrate injection; the MT of ab7 and ab30 groups
kept increase. The MT of ab24 showed no significant changes to fluorocitrate injection. Our
results showed that the functional changes of AS can affect the response to sound of MGB
neurons after unilateral cochlear ablation; and the effects are related with the time points of
unilateral cochlear ablation. We suggest that AS involved in the plasticity of neurons in medial
geniculate body (MGB) to adopt the modulation of auditory processing.

Disclosures: X. Sun: None. M. Huang: None.

Poster

296. Astrocyte-Neuron Interactions I

Location: Hall A

Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 296.07/B62

Topic: B.11. Glial Mechanisms

Title: NF-xB-mediated regulation of astrocyte-secreted signals affects the neurogenic potential
of adult hippocampal neural progenitors



Authors: V. BORTOLOTTO', S. CVIJETIC', M. MANFREDI?, E. RANZATO’, E.
MARENGO’, P. L. CANONICO', *M. GRILLI"

'DSF, Univ. of Piemonte Orientale Amedeo Avogadro, Novara, Italy; ’ISALIT stl, DISIT, Univ.
of Piemonte Orientale Amedeo Avogadro, Alessandria, Italy; *DiSIT, Univ. of Piemonte
Orientale Amedeo Avogadro, Alessandria, Italy; *Univ. of Piemonte Orientale Amedeo
Avogadro, Novara, Italy

Abstract: The hippocampal SubGranular Zone (SGZ) is characterized by the presence of the
neurogenic niche, a highly specialized microenvironment which is both instructive and
permissive for adult neural progenitor cells (NPC) and their progeny. In previous work we
proved that members of the NF-kappaB family of transcription factors are important contributors
of signalling pathways in the SGZ neurogenic niche. Within the family, the p5S0 subunit appears
to play a crucial role since pSOKO mice display dramatically reduced adult hippocampal
neurogenesis in association with short-term memory defects. However, when adult NPC derived
from wt and pSOKO mice are cultured in vitro, no significant differences can be observed in their
neurogenic potential, suggesting a potential contribution of other cell subpopulations within the
niche to defective neurogenesis in mutant mice. To this purpose we have set up enriched
astrocyte cultures from hippocampi of pSO0KO and wt neonatal mice and studied their influence
on wt or pSOKO NPC by using astrocyte-conditioned medium (ACM). When wt NPC where
exposed to wt ACM, an increased rate of differentiation towards both neuronal and astroglial
lineages was observed, in comparison with standard medium. Conversely, pS0KO ACM
significantly increased the percentage of newly generated astrocytes, but lacked proneurogenic
effects on wt NPC. Moreover, wt and pSOKO ACM promoted neither neurogenesis nor
gliogenesis in pSOKO NPC. We then decided to actively pursue the identification of
proneurogenic and/or antineurogenic signals that, under control of NF-kappaB p50, may be
differentially regulated in astrocytes. To this purpose we analyzed wt and pSOKO secretome
through a high throughput label-free protein quantitation method called SWATH-MS which
allows the relative determination of secreted proteins so to identify molecules differentially
modulated in absence or presence of p50. Altogether our data suggest that neurogenic defects
observed in vivo in pSOKO mice are both cell autonomous and non-cell autonoumous, and that
they may also involve phenotypic changes in the secretome of astroglial cells. In addition, they
add another level of complexity to the role of NF-kappaB p50 in the regulation of adult
hippocampal neurogenesis.
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Abstract: Single astrocytes can ensheath over 100,000 synapses within their domain. Thus,
astrocytes are ideally positioned to integrate signals from a few synapses to have impact on all
ensheathed synapses with high efficiency. As neuromodulators are released in a volume manner
and are known to illicit astrocyte calcium responses, we hypothesized that astrocytes may be
effector cells, extending neuromodulator action to every synapse. Using live mouse brain slices
and extracellular recordings of evoked excitatory postsynaptic potentials (¢EPSPs), we assessed
pharmacologically the astrocytic involvement in serotonin-mediated shaping of a simple cortical
network containing both excitatory and inhibitory activity. Using a paired-pulse stimulus
repeated every 20 seconds, serotonin was administered as a bolus to the bath perfusate upstream
of the recording site in order to assess transient effects on the network. To assess the astrocytic
role in serotonin effects, serotonin was applied both before and after bath application of
pharmacological agents considered to affect astrocyte function or signaling mechanisms. In the
absence of neuromodulators or pharmacological agents the first eEPSP is much larger in
amplitude than the second due to the recruitment of longer-lasting inhibitory activity resulting
from the first stimulus. Pharmacological disruption of gap junctions/hemichannels or impairment
of astrocyte metabolism resulted in a significant loss of evoked inhibition in field recordings,
suggesting that astrocytes may play a role in tonic aspects of network inhibition. Furthermore,
serotonin effects on frequency transmission in the cortical network are significantly lost
following so-called astrocyte pharmacological disruption. Lastly, serotonin-mediated frequency
transmission could also be disrupted using P2 antagonists suggesting that ATP signaling
(astrocyte currency) may be involved. These data highlight the possibility for astrocyte
involvement in cortical inhibitory activity seen in this simple cortical network and that serotonin
acts on astrocytes to partially exert its modulatory influence.
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Abstract: Astrocytes are in intimate structural relationship with synapses and astrocytic contact
with dendritic spines can promote their stability. Astrocytes display activity-mediated Ca2+
responses and Ca2+ signaling in astrocytes is thought to be involved in astrocyte-neuron
signaling possibly through release of gliotransmitters. Astrocytes have therefore been implicated
in regulating synaptic transmission and long-term potentiation. It has been shown recently in
slices that increased Ca2+ signaling regulates motility of astrocytic processes leading to an
enhanced astrocytic coverage of spines and their stability. Whether astrocytic Ca2+ signaling in
vivo promotes spine stability has not been examined. In order to determine the relationship
between astrocytic Ca2+ signaling and dendritic spine structural plasticity, we use the hM3Dq
DREADD designer receptor system to selectively stimulate astrocytic Gq-GPCR signaling in
vivo. Adeno-associated viral injection for expression of hM3Dq in astrocytes was performed in
mice expressing GCaMP3 in astrocytes and cranial windows were implanted. Oscillatory-like
Ca2+ signals were repeatedly elicited in astrocytes expressing hM3Dq by intraperitoneal
injection of CNO (0.025-0.05 mg/kg). Acute and lasting effects of enhanced astrocytic Ca2+
signaling on dendritic spine turnover are being examined by repeated in vivo imaging.
Understanding the role of astrocytic Ca2+ activity in structural and functional synaptic plasticity
is important as this could represent one of the mechanisms by which astrocytes participate in the
cellular processes of learning and memory.
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Title: Reduced rate of glutamate clearance by astrocytes at cortical excitatory synapses in a
mouse model of familial hemiplegic migraine type 2
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Abstract: Loss-of-function mutations in ATP1A2, the gene encoding the a2 subunit of the
Na+/K+-ATPase, cause familial hemiplegic migraine type 2 (FHM?2), a rare subtype of migraine
with aura. In the adult brain the a2 Na+/K+-ATPase is expressed almost exclusively in
astrocytes. The a2 Na+/K+-ATPase protein is reduced to half in the brain of heterozygous
FHM?2 knockin (KI) mice carrying the human mutation W887R. Interestingly, these mice show a
lower threshold for induction and a higher velocity of propagation of experimental cortical
spreading depression (CSD), the phenomenon that underlies migraine aura and can initiate the
headache mechanisms. The mechanisms underlying facilitation of experimental CSD in FHM2
KI mice are unknown. Given the key role of NMDA receptors in CSD ignition and propagation
and the evidence that the a2 Na+/K+-ATPase and the glial glutamate transporters are colocalized
in astrocytic processes surrounding cortical glutamatergic synapses, we investigated whether the
rate of glutamate clearance by astrocytes is reduced in FHM?2 KI mice as a consequence of the
reduced density of a2 Na+/K+-ATPases. We measured the glutamate transporter current elicited
in layer 1 astrocytes by extracellular stimulation in acute slices of barrel cortex from P22-23
wild-type (WT) and heterozygous W887R KI mice. The time course of the synaptically activated
glutamate transporter current, which reflects the rate of glutamate clearance from the
perisynaptic extracellular space, was slower in FHM2 KI compared to WT mice; the slowing
down of glutamate clearance was larger after a train of action potentials at high frequency than
after a single action potential. Immunogold electron microscopy of parietal cortex revealed that
in FHM2 KI mice the density of glutamate transporters GLT1 is reduced in astrocytic processes
contacting cortical excitatory synapses, and is unaltered in excitatory axon terminals. This
suggests that a decreased density of GLT-1 transporters in perisynaptic astrocytic processes
contributes to the reduced rate of glutamate clearance produced by the FHM?2 mutation. Our data
are consistent with the hypothesis that reduced rate of glutamate clearance at cortical excitatory
synapses and consequent increased activation of NMDA receptors particularly during intense
neuronal activity may contribute to the facilitation of CSD in FHM2.
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Abstract: The function of astrocytes as supporting cells in the brain has long been recognized.
However, astrocytes have increasingly been shown to affect neuronal signaling through
glutamate uptake, release of gliotransmitters, regulation of extracellular K+ levels and
maintenance of osmotic balance. Disruption of astrocyte function plays an important role in
central nervous system (CNS) disorders. Recent studies have reported that aldehyde
dehydrogenase 7al (ALDH7A1; also antiquitin) is enriched in astrocytes compared to other CNS
cell types, although its function in astrocytes remains unknown. In non-CNS cells, ALDH7A1
plays a central role in the lysine degradation pathway. It also has been shown to protect against
certain cell stressors including osmotic pressure and reactive oxygen species. Clinical studies
have identified mutations in the human ALDH7AT1 gene as the primary cause of pyridoxine-
dependent epilepsy, a childhood form of epilepsy treated with high doses of pyridoxine. The loss
of ALDH7A1 enzymatic activity in these patients results in buildup of the toxic intermediates
piperideine-6-carboxylate and pipecolic acid which react with pyridoxal phosphate, depleting the
brain of an important enzymatic co-factor. We found that ALDH7A1 is highly expressed in
multiple astrocyte subpopulations in the adult mouse CNS. We have also found that expression
of ALDH7A1 is decreased in biopsied neural tissues from patients with schizophrenia (SZ) and
in the frontal cortex a mouse model of psychosis (PCP). Clinical evidence is suggestive of co-
morbidity between SZ and epilepsy; functionally, these diseases are linked by alterations in
neuronal excitability. In SZ, cognitive changes include working memory (WM) and/or frontal
functional deficits influenced by oxidative stress. To study how decreased expression of
ALDH7AT1 may affect signaling in the brain, we have generated a conditional knockout mouse
containing a floxed allele of Aldh7al. Aldh7al knockout mice show reduced seizure threshold
and deficits in spatial memory, sensorimotor gating, and forced swimming. Metabolomic
analysis also revealed deficits in the lysine degration pathway. No change in GFAP reactivity
was observed at baseline, but we found evidence of increased oxidative stress in astrocytes and
reduced hippocampal parvalbumin immunoreactivity. We hypothesize that ALDH7A1
dysfunction renders astrocytes more susceptible to oxidative and osmotic stress, disrupting their
ability to effectively modulate synaptic signaling and disturbing hippocampal excitatory-
inhibitory balance. Through dietary intervention, we may attempt to prevent and/or reverse the
observed deficits.
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Abstract: Astrocytes are pivotal for optimal neurotransmission and participate in several aspects
of synaptic functions ranging from trophic support to the fine-tuning of neurotransmission. The
precise role of astrocytes in regulating synaptic properties and transmission, however, remains to
be investigated. Previous research has shown that mice with a genetic deletion of the astrocyte-
specific glutamate transporter GLAST display reduced alcohol preference and impaired
endocannabinoid signaling at cortico-striatal synapses, indicating that astrocytes might be
directly involved in regulating synaptic plasticity. Using slice electrophysiology, the aim of this
study was thus to define the role of astrocytes in modulating synaptic activity and plasticity, with
special focus on endocannabinoid-signaling in Wistar rats. Our data show that pretreatment with
a low concentration of the glutamate transporter blocker DL-TBOA (200nM), which should act
selectively on GLAST and GLT-1, slightly depresses evoked excitatory postsynaptic field
potentials (fEPSPs) in the limbic prefrontal cortex, nucleus accumbens (nAc), the dorsolateral
striatum (DLS) and the dorsomedial striatum (DMS) in acutely isolated brain slices from both
juvenile and adult Wistar rats. Pre-treatment with DL-TBOA inhibited the robust depressant
effect on fEPSP amplitude induced by the cannabinoid 1 receptor agonist WINS55,212-2 (1uM)
in all brain regions tested. Administration of the mGluR2/3 antagonist LY 341495 (20nM)
blocked the acute effect displayed by DL-TBOA on fEPSP amplitude, but did not restore the
WINS55,212-2-induced depression. In addition, the astrocytic glycine transporter GlyT1 inhibitor
Org24598 (200nM), which did not influence evoked fEPSPs, prevented the WINS55,212-2-
induced depression in all brain regions tested. The acute effect displayed by ethanol (50mM) on
fEPSC amplitude was not affected by pre-treatment of either DL-TBOA or ORG24598 in any
brain region. The data presented here suggests that astrocytes are recruited during
endocannabinoid-signaling and that astrocytic transporters may regulate neurotransmission and
synaptic plasticity mechanisms in both cortical and striatal subregions.
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Abstract: Recent studies highlight the existence in astrocytes of a highly diverse gamut of Ca*"
dynamics, suggestive of complex functional roles. A single astrocyte exhibits Ca®" signals that
range (a) spatially: from “microdomain” events, occurring at focal locations (1-4 pm) along
processes, to “expanded” events occupying large portions of a process, to events involving also
the cell body; (b) temporally: from rapid sub-sec transients to prolonged multi-sec elevations,
occurring either asynchronously or in a more coordinated fashion (reviewed in Volterra et al,
Nature Rev Neurosci, 15:327-335, 2014). Despite these key advances, understanding of astrocyte
biology is still importantly limited by Ca®" activity being sampled from a single focal plane,
which unavoidably loses the 3D+time cell context. Astrocytes have intrinsic 3D complexity, with
only a small cell portion remaining confined to any given optical plane. Moreover, they lack any
clearly defined compartments (like neuronal spines), yet possess multiple processes that contact
blood vessels, synapses, and other neighboring cells along variable 3D trajectories. Our goal here
has been to capture astrocytic Ca>" activity in its real 3D context of sub-cellular morphology and
neighborhood connectivity. To this end, we equipped a two-photon microscope with
piezoelectric actuator and acousto-optic deflector. Thereby, using combined Ca*'-sensitive and
Ca*"-insensitive indicators, we could image the full volume of single functioning hippocampal
astrocytes in adult (P30-60) mouse brain slices exhibiting endogenous firing activity and observe
astrocytic Ca®" dynamics in their 3D cell context. In parallel, we developed a dedicated analysis
framework able to handle the “big data” generated from 3D+t multispectral acquisitions. As a
result, we observed several types of Ca>" events that expanded differentially across the 3D
astrocyte. Such events were affected by agents modifying neuronal firing (e.g. TTX and 4-AP).
Importantly, a large proportion of this astrocytic Ca>" activity would have been missed or
incompletely reported with current 2D approaches, even using the “best case” 2D focal plane.
These data suggest that classic somatic recordings, still often used to study and interpret
astrocyte biology, do not faithfully reflect or predict the 3D Ca®" activity of an astrocyte. As an
example, in our conditions, activity at processes contacting blood vessels was largely dissociated



from somatic activity. In conclusion, our 3D Ca®" imaging approach provides relevant new
insight towards correct understanding of astrocyte biology.
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Abstract: Previous results using cultured astrocytes indicate that astrocytes respond to 3-
adrenergic agonists by changing morphology. Within intact neuropil, this response could
facilitate synaptic spillover of neurotransmitters and neuropeptides, thereby enhancing
interactions among adjacent neurons and astrocyte endowed with corresponding receptors. We
hypothesized that B-adrenergic agonist-induced alteration in the morphology of astrocytic
processes impacts upon structural parameters of brain extracellular space (ECS). Brain ECS is a
narrow interconnected channel that surrounds brain cells. The two macroscopic parameters -
volume fraction (a) and tortuosity (A) govern the spatiotemporal distribution of substances,
including metabolites, signaling molecules, and drugs in the ECS. Volume fraction is the ECS
volume, relative to the total tissue volume. Tortuosity is a measure of the hindrance that
molecules experience in the ECS, compared to a free medium. We tested our hypothesis by
assessing the change in morphology of astrocytic processes within acutely prepared visual
cortical slices of adult female rats treated with or without a B-adrenergic agonist, DL-
isoproterenol (2 uM) (ISO) for 70 min. Electron microscopy (EM) was used to analyze the
neuropil ultrastructure, while kept blind of the drug-treatment condition. The total cytoplasmic
area (um2) of astrocytic processes per micrograph (kept constant at 48.43 pm?2) increased
significantly, relative to control [1.31 + 0.08 (126); mean +£ SEM (number of micrographs) for
control; 2.02 + 0.21 (84) with ISO]. The total plasma membrane length (um) of astrocytic
processes per micrograph significantly increased from a control value of 21.47 + 0.89 (126) to
29.11 + 1.54 (84) with ISO. The total number of astrocytic profiles per micrograph significantly



increased from 14.75 £ 0.55 (126) in the control condition to 19.55 £ 1.07 (84) with ISO. Values
of a and A were measured in visual cortex with ISO using the real-time iontophoretic (RTI)
method. The ECS volume decreased from 0.22 + 0.01 (mean &= SD; n = 17 records in 5 animals)
in the control condition to 0.18 + 0.01 (n = 23 records in 5 animals) with ISO, while tortuosity
remained constant at [1.63 £ 0.01 (n = 17 records in 5 animals) for control; 1.62 + 0.01 (n =23
records in 5 animals) with ISO]. Since noradrenergic volume transmission is elevated during the
awake state, these findings suggest that one way the awake state, boosted by adrenergic signal,
decreases a is through increases in astrocytic volume. The decrease in a would increase ECS
concentration of neurotransmitter and neuromodulators, which could facilitate neuronal
communication in the visual cortex.
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Abstract: Majority of oligodendrocytes in rodents rise during first postnatal weeks from
oligodendrocyte precursor cells (OPCs) - a population of progenitors widespread through grey
and white matter regions of central nervous system. After the end of myelination OPCs remain in
the tissue where they occupy repulsion-driven domains. White matter OPCs come into contact
with axons and receive glutamatergic synaptic input mediated mainly by AMPA receptors. Up to
now electrophysiological properties of axon-OPC connections were investigated in juvenile and
adult animals. However, many studies employed different approaches making direct comparisons
of these properties difficult. Additionally, morphological changes of OPCs during development
are poorly known. Our work aims at addressing those questions in developing mouse corpus
callosum. We employed whole-cell voltage clamp combined with axonal electrical stimulation to
investigate properties of callosal neuron-OPC signaling at 3 key developmental ages: P§-11 -
callosal OPCs are mainly proliferating, myelination is sparse; P19-22 - peak of callosal



myelination; P50-53 - myelination is largely completed. First, we investigated pre- and
postsynaptic properties of neuron-OPC synapses. Our results indicate no changes to kinetics of
axon-glia currents, a modest increase in their amplitude and a drop in the release probability as
the animals progress in age. Additionally, current-voltage relationship showed little rectification
at the youngest age, while an increase in rectification was observed at older ages indicating
downregulation of the GluA2 subunit. To address changes in OPC morphology we crossed
ROSAMT/mG line carrying membrane-tagged tdTomato/EGFP with NG2CreERTM line
carrying tamoxifen-inducible Cre recombinase under NG2 promoter. Upon 4-hydroxytamoxifen
(4-TM) administration the mT cassette is deleted allowing expression of mG cassette specifically
in OPCs and their progeny. Animals were sacrificed 3 days post 4-HT injection. Confocal image
stacks were acquired with 63x magnification and individual OPCs were traced and analyzed with
Neurolucida software. We observed differences in cell domain sizes, process structure and
complexity. Our findings indicate that OPCs change their physiological and morphological
properties during callosal development. Remarkably high variability of many investigated
parameters suggests that within each age group OPC population constitutes of cells at different
stages of maturation.
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Abstract: Different behavioural states are associated with different neural network oscillation
frequencies (waves) in the brain. Transition between these states is accompanied with changes in
neuronal resonance frequency. One of the major questions in neuroscience is how the activity of
single neurons, each with a preferred membrane resonance frequency, can lead to network
oscillations. It is clear that this is the result of the responses of multiple neurons being
synchronised, but it is unclear exactly how this happens. Furthermore, the mechanism underlying
the transition between the different oscillation frequencies remains largely unknown. We have
explored the potential involvement of astrocytes in the modulation of neural network



oscillations. As astrocytes form a multicellular network through their intracellular connections,
they are in a position to convey local modifications from single neurons and spread them through
their glial network to modulate neuronal network behaviour. Moreover they can modulate
excitability of neurons by changing the concentration of potassium ions [K+] in the extracellular
environment. Using selective inhibition of the K+ influx through astrocytes, we show that
increased extracellular K+ concentration can modulate the biophysical properties of individual
neurons such as excitability, synchronization and oscillation frequency. As astrocytes are the
only cells in the brain capable of K+ buffering through their intracellular connections (gap
junctions), our study indicates that modulation of their inherent capabilities to clear K+ from the
extracellular milieu is a potential target to impact neural oscillations and thus tuning brain waves.

Disclosures: J.W. Morley: None. Y. Buskila: None.

Poster

296. Astrocyte-Neuron Interactions I

Location: Hall A

Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM
Program#/Poster#: 296.17/B72

Topic: B.11. Glial Mechanisms

Support: The Government Assignment Ne 6.26.192014/K

The Russian Foundation Fundamental Research, Agreement Nel14-04-00901 \ 15 from
20/03/2015

Title: Potassium efflux through postsynaptic NMDA receptors suppresses astrocytic glutamate
uptake

Authors: *O. TYURIKOVA', P.-Y. SHIH?, L. SAVTCHENKO®, D. RUSAKOV™>', A.
SEMYANOV';

"Neurosci. Ctr. of the Inst. of Biol. and Biomedicine, Univ. of Nizhny Novgorod, Nizhniy
Novgorod, Russian Federation; Purdue Univ., West Lafayette, IN; SUCL Inst. of Neurol.,
London, United Kingdom

Abstract: Potassium ions accumulate in the synaptic cleft of glutamatergic synapses during
repetitive activity. We have recently demonstrated that the bulk of these ions is contributed by
potassium efflux through postsynaptic NMDA receptors (Shih et al., 2013). Potassium mediated
depolarization of presynaptic terminal increases glutamate release probability. Here we
investigated the effect of potassium accumulation on astrocytic glutamate uptake because
glutamate transporters are both electogenic and potassium-dependent. We recorded glutamate
transporter currents in CA1 str.radiatum astrocytes of mouse hippocampal slices in response to
electrical stimulation of Schaffer collaterals or local glutamate uncaging. Increases in the
extracellular potassium concentration from 2.5 mM to 7.5 mM or 20 mM significantly reduced



the amplitude of uncaging induced transporter currents. In addition, we observed substantial
potassium mediated membrane depolarization in current-clamped astrocytes. Mimicking this
depolarization in voltage-clamp mode reduced the transporter current to the same extent,
reflecting the fact that astrocytic depolarization but not potassium dependence of glutamate
transporters suppresses glutamate uptake during potassium accumulation. Repetitive stimulation
of Schaffer collaterals (5 stimuli at 50 Hz) produced progressively increasing peaks of
transporter currents. This increase was suppressed by 50 uM D-APV, NMDA receptor
antagonist. This finding is consistent with our previous results showing the increase in glutamate
release probability due to NMDA receptor mediated potassium efflux. However, we also found
that D-APV reduced the progressive increase in the decay time of the transporter currents
produced by repetitive stimulation. This is consistent with NMDA-receptor dependent reduction
of glutamate uptake. Our observations were consistent with predictions of a detailed biophysical
model. We suggest that the NMDA receptor dependent accumulation of intracleft potassium
during repetitive synaptic activity could inhibit local glutamate uptake, which could potentially
extend glutamate dwell-time in the synaptic cleft thus boosting glutamate spillover effects. Pei-
Yu Shih, Leonid P. Savtchenko, Naomi Kamasawa, Yulia Dembitskaya, Thomas J. McHugh,
Dmitri A. Rusakov, Ryuichi Shigemoto, Alexey Semyanov Retrograde Synaptic Signaling
Mediated by K Efflux through Postsynaptic NMDA Receptors / Cell Reports 2013 5:941-951
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Abstract: Aquaporin-4 (AQP4), the most abundant water channel in brain, plays a crucial role in
brain water homeostasis. In mice, AQP4 expression is restricted to ependymal cells and
astrocytes, being highly concentrated in astrocytic endfoot membranes at the brain-blood and



brain-cerebrospinal fluid interfaces. The subcellular distribution of AQP4 in the human cortex is
poorly characterized. Here we performed a high resolution immunogold analysis of AQP4
expression in non-lesional cortical tissue resected from 12 patients with temporal lobe epilepsy
(n=9), aneurism (n=2) or tumor (n=1), and compared data with those obtained in adult mice.
Immediately after resection the tissue was immersed into a fixative containing 4%
paraformaldehyde and 0.25% glutaraldehyde. Tissue blocks were subjected to freeze
substitution, embedded in Lowicryl HM20 resin and processed for postembedding immunogold
cytochemistry. In human subjects the AQP4 distribution pattern mimicked that of mice, but
showed much higher immunogold labeling densities over perivascular astrocytic endfoot
membranes. We present AQP4 immunogold data for endfeet at different segments of the
vasculature and compare AQP4 polarization between the two species.
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Abstract: A growing body of evidence links astrocytes to epileptogenesis and epilepsy.
Astrocytic Ca2+ signals are elevated several days after status epilepticus and could contribute to
neuronal death as well as seizure formation by facilitating Ca2+ dependent glutamate release.
The aim of this study was to characterize astrocytic Ca2+ dynamics in mice with chronic



epilepsy. We used the unilateral intracortical kainate injection model of mesial temporal lobe
epilepsy (Bedner P et al., Brain 2015 May;138(Pt 5):1208-22) and in vivo two-photon
microscopy. Non-injected and sham operated mice served as controls. Three months after kainate
injection the genetically encoded Ca2+ indicator GCaMP6f was delivered by recombinant
adeno-associated virus (rAAV) injection, using the GFAP promoter to drive expression in
astrocytes. Subsequently chronic cranial windows to the CA1 region of the hippocampus were
made, enabling repetitive two-photon imaging recordings of astrocytic Ca2+ dynamics in awake,
head-fixed mice resting and running on a spherical treadmill. Initial observations revealed a
highly abnormal astrocytic Ca2+ signaling pattern in the sclerotic, epileptic hippocampus
compared to the hippocampus of control mice. Specifically, we observed a prominent increase in
basal Ca2+ fluctuations, as well as frequent, long-lasting Ca2+ transients of high amplitude that
involved whole astrocytic territories. In some cases Ca2+ waves spread to several neighboring
astrocytes. We conclude that astrocytic Ca2+ dyshomeostasis is a prominent feature in chronic
experimental mesial temporal lobe epilepsy.
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Abstract: Lactate dehydrogenase (LDH) is an enzyme located in the astrocyte-neuron lactate
shuttle, a metabolic pathway that transports lactate from astrocytes to neurons in the brain. In the
lactate shuttle, glucose is first transported into astrocytes, and converted to lactate via LDH. The
lactate is then released and transported into neurons, and converted to pyruvate via LDH. In this
study, we examined effects of LDH inhibition on membrane potentials in CA1 pyramidal cells,
using patch-clamp recordings from hippocampal slices. Our recordings revealed that pyramidal
cells were hyperpolarized by bath application of oxamate, an LDH inhibitor. The
hyperpolarization was reversed by the downstream metabolite (pyruvate), but not by the



upstream metabolite (lactate). In contrast to pyramidal cells, the hyperpolarization caused by
LDH inhibition was not observed in inhibitory fast-spiking cells. EPSCs in pyramidal cells were
also reduced by LDH inhibition, whereas IPSCs were hardly changed. Thus, the excitatory
components (pyramidal cells and EPSCs) in the hippocampus are strongly responsive to LDH
inhibition. We then made double patch-clamp recordings from pyramidal cells and astrocytes,
and applied the LDH inhibitor only into astrocytes via the patch pipette. The LDH inhibition in
astrocytes hyperpolarized neighboring pyramidal cells. The hyperpolarization was not observed
in the presence of extracellular lactate, which further supports electrical regulation by the lactate
shuttle. These results show that pyramidal cells in the hippocampus can be electrically regulated
by LDH enzymes in the astrocyte-neuron lactate shuttle.
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Abstract: Juvenile Neuronal Ceroid Lipofuscinosis (JNCL) is a neurodegenerative lysosomal
storage disease caused by a mutation in CLN3. Children with JNCL experience progressive
visual, cognitive, and motor deterioration with a decreased life expectancy (late teens-early 20s).
There is currently no effective treatment for children with JNCL. Studies have shown that
astrocyte activation precedes and predicts regions of neuronal loss in JNCL, suggesting
alterations in supportive glial functions. Glutamate is elevated in JNCL brains and neuronal loss
is hypothesized to result, in part, from glutamate excitotoxicity. Astrocytes are responsible for
removing glutamate at the synapse and regulating neuronal activity. Currently, little is known
about aberrant glutamate cycling in astrocytes during JNCL progression. Studies conducted in
our laboratory utilizing CLN3“*”® mice, which harbor a 1.02 kb mutation spanning exons 7 and
8 (the most common mutation found in ~85% of JNCL patients), have revealed a significant
decrease in glutamine synthetase in the CLN3“**"® brain. Additionally, expression of the
glutamate transporter GLAST was significantly reduced in multiple brain regions of CLN
mice. From these results, we hypothesized that CLN3 is critical for maintaining glutamate
cycling pathways and homeostatic communication between astrocytes and neurons. Recent data

3 ex7/8



from our laboratory has shown that glutamate transporter expression and function is significantly
decreased in primary CLN3*""® astrocytes following exposure to stimuli elevated in the INCL
brain (i.e. TNF-a and IL-1p or ceramide and neuronal lysate). A role for CLN3 in astrocyte
metabolism was demonstrated by the finding that CLN3*"® astrocytes had significantly lower
levels of basal mitochondrial respiration, ATP production, and maximal respiration under resting
conditions. These differences were further exacerbated when CLN3“*""® astrocytes were treated
with TNF-a and IL-1p or ceramide and neuronal lysate. Glutamate regulation is an energy-
demanding process and disruptions in metabolic pathways could further disrupt glutamate
cycling. Accordingly, our findings revealed decreased Ca®* signaling in CLN3%*"® astrocytes
that was coupled with heightened CLN3**"® neuron activity, suggesting that aberrant glutamate
cycling disrupts vital homeostatic signaling networks. Further elucidation of the key regulatory
mechanisms that are involved in astrocyte-neuron cross-talk during JNCL will be critical to
understanding disease progression and may ultimately unveil novel therapeutic targets that will
extend the quality-of-life for children suffering from JNCL.
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Abstract: Astrocytes express a wide variety of G protein-coupled receptors (GPCR) that can
influence cognitive functions such as learning and memory. Cannabinoids and endocannabinoids
modulate memory processes through the GPCR CB; receptor. Similarly to neurons, astrocytes
express functional CB; receptors capable of modulating the effects of exogenously administered
cannabinoid agonists on hippocampal synaptic plasticity and working memory. However, the
physiological roles of astroglial CB; receptor in long-term memory and synaptic plasticity
remain unknown. Here, we show that the conditional genetic deletion of CB; receptor in
astrocytes (GFAP-CB;-KO mice) impairs both in vitro and in vivo hippocampal N-methyl-D-
Aspartate receptor (NMDAR)-dependent long-term potentiation (LTP) induction and long-term



object recognition memory. Notably, administration of D-serine, a NMDAR) co-agonist, which
is released by astrocytes, restores the long-term memory deficit and the induction of LTP in our
mutant mice. Finally, GFAP-CB;-KO mice present strongly reduced occupancy of the co-agonist
binding site of NMDARs. Thus, astroglial CB, receptors are necessary for long-term memory
and the induction of NMDAR-dependent LTP, via the modulation of the occupancy of the
NMDAR co-agonist binding site. This study reveals an unexpected role for astroglial CB;
receptors in neural information processing and memory formation.
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Abstract: Endocannabinoids are small lipid signaling molecules involved in synaptic plasticity.
They are ligands for the cannabinoid CB1 receptor, and play an important role in the postnatal
refinement of synaptic connections in the sensory cortex. As a consequence, interfering with
endocannabinoid signaling in young animals leads to aberrant sensory map formation. At the
synaptic level, endocannabinoids are thought to regulate sensory plasticity by mediating a
developmental form of long-term synaptic depression (LTD) at both excitatory and inhibitory
synapses. Previous studies have suggested that CB1 receptors on (PV-positive) interneurons in
the visual cortex are crucial for a developmental form of LTD of inhibitory synapses (i-LTD).
Furthermore, the ability of inhibitory synapses to show i-LTD was suggested to be related to the
presence of ocular dominance (OD) plasticity during the critical period in developing visual
cortex. Therefore, we tested whether removal of CB1 receptors specifically from interneurons
would interfere with critical period OD plasticity. Surprisingly, we found that the OD shift in



primary visual cortex observed after three days of monocular deprivation of the contralateral eye
was fully intact in interneuron specific CB1 receptor knockout mice. Interestingly, we and others
have recently shown that astrocytes express functional CB1 receptors, and that these astrocyte
CBI1 receptors are involved in some forms of endocannabinoid mediated LTD. In line with this,
we find that astrocytes in the developing visual cortex respond to cannabinoid receptor activation
with increased calcium signaling, indicating that they express functional CB1 receptors. We are
currently testing whether specific removal of astrocyte CB1 receptors affects OD plasticity and
LTD in primary visual cortex. With these experiments we will determine whether neuronal or
astrocytic CB1 receptors control developmental visual cortex plasticity.
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Abstract: The reciprocal communication between neurons and astrocytes represents a
fundamental mechanism for the control of brain functions. While astrocyte interplay with
excitatory glutamatergic neurons has been intensively studied, many fundamental aspects of
neuron-astrocyte partnership remain unexplored. Indeed, whether the information gained from
the tripartite glutamatergic synapse can be extended to the other large family of synapses in the



brain, the inhibitory GABAergic synapse, is unclear at present. We here reveal that in
somatosensory cortex (SSCx) slice preparations, obtained from P15-P22 mice after loading with
the Ca2+ indicator Fluo-4 AM and the astrocytic marker SR101, astrocytes exhibited repetitive
Ca2+ elevations in response to challenge with GABA or the GABAB receptor agonist Baclofen
applied in the presence of Tetrodotoxin (TTX, 0.5 uM). Most importantly, similar responses
were observed in astrocytes from the somatosensory cortex of young adult mice (P35-40) in both
slice and in vivo preparations. We also used optogenetic techniques to investigate the specific
response of astrocytes to synaptic GABA release. To this aim, the expression of the light-gated
channel channelrhodopsin-2 (ChR2) in Parvalbumin (Pv) or Somatostatin (Som) interneurons
was induced by injecting AAV vectors carrying the doublefloxed ChR2 sequence in Pv- or Som-
Cre mice at postnatal day 0-2. Blue light illumination (A=473 nm) was used to selectively
activate Pv or Som interneurons expressing virally delivered ChR2. In two-photon laser-scanning
microscope experiments in SSCx slice preparations we found that a selective optogenetic
activation of Som or Pv interneurons (20200 ms pulse duration; 1 Hz for 30+60s; illuminated
area 0.33 mm2; mean power 38 mW/mm?2) evoked Ca2+ events in astrocytes at the level of
soma, proximal and distal processes. We also investigated whether GABA released from
individual GABAergic interneurons can be sufficient to activate neighbouring astrocytes. We
found that an intense AP firing induced in individual Pv or Som interneurons by depolarizing
intracellular current pulses (200-300 pA for 100 ms at 0.5-1Hz) evoked Ca2+ elevations in
neighbouring astrocytes. GABA-mediated inhibition represents a fundamental operational
mechanism in the brain and GABAergic interneurons are possibly involved in the
pathophysiology of many brain disorders, including epilepsy. The specific signaling between
specific GABAergic interneuron populations and astrocytes open up new perspectives in our
understanding of the astrocyte role in the brain.
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Abstract: Neurons in the dorsal part of the trigeminal main sensory nucleus (NVsnpr) have
intrinsic bursting properties. Because they receive sensory inputs and project to motoneurons,
they have been postulated to form the rhythmogenic core of the masticatory CPG. In absence of
Ca2+, bursting is spontaneous in NVsnpr neurons, but in presence of Ca2+ it can be induced by
local application of NMDA or electrical stimulation of sensory inputs. Riluzole impairs neuronal
bursting induced under all of these conditions, demonstrating the involvement of a voltage-
dependent sodium persistent current (INaP), which is modulated by the extracellular Ca2+
concentration ([Ca2+]e). Our previous work shows that S1008, an astrocytic Ca2+ binding
protein, decreases [Ca2+]e and induces INaP dependent bursting in neurons. Blockade of S1003
or inactivation of astrocytic networks with intracellular dialysis of BAPTA prevents bursting in
neurons .These data raise the hypothesis that astrocytic coupling may play an important role in
rhythmogenesis. To test this hypothesis, we first investigated whether coupling is modulated by
stimuli that induce neuronal bursting in NVsnpr using biocytin filling of astrocyte during patch
clamp recordings. Little coupling was observed between NVsnpr astrocytes when no treatment
was applied during recording. Networks observed under control conditions (n=14) had an
average area of 19374 + 6973 um2, and were composed of 9+ 3 cells. Electrical stimulation of
sensory fibers projecting to NVsnpr induced membrane depolarisation in 11/17 astrocytes tested.
Networks associated to responding astrocytes (n=11) had an average area of 35427 + 13248 um?2
and counted 16 + 7 cells. Those not showing a depolarisation (6/17) were composed of 8 + 3
cells and had an average area of 32502 + 19686 um2. Local NMDA applications were also
associated to large membrane depolarisation and increased coupling (29 + 3 cells; average area:
85655 + 15962um?2). Similar increases in coupling were observed when lowering [Ca2+]e
(n=31; 32 &+ 31cells; average area:55816 + 49749um?2 ). All astrocytic networks remained
confined to the dorsal part of NVsnpr, and within this area, adjacent networks revealed in double
dye filling experiments did not overlap. Bath application of carbenoxolone (20uM), a large
connexin inhibitor, inhibited coupling under all conditions and disrupted NMDA-induced
neuronal bursting. Bursting was restored by local application of S100p. These results suggest
that astrocytes are organized in non-overlapping networks that are regulated by sensory inputs
and that these networks are necessary for neuronal bursting.
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Abstract: Being encased in the rigid skull the brain must possess mechanisms for effective
volume control. Astrocytic endfoot processes form the outermost layer of nervous tissue and are
thus strategically positioned to regulate the movement of solutes and water between the
parenchyma and the extracerebral liquid compartments, e.g. cerebrospinal fluid and blood.
Astrocytic Ca2+ signals have been implicated in brain volume homeostasis, but endfoot Ca2+
signals are poorly characterized. The advent of ultrasensitive genetically encoded Ca2+
indicators have enabled investigation of Ca2+ signaling in cellular microdomains, including
astrocytic endfeet. Here we used two-photon microscopy to assess the Ca2+ response of
astrocytic somata, fine processes and endfeet in adult mouse cortical slices subjected to 20%
reduction of artificial cerebrospinal fluid osmolarity. Astrocytic Ca2+ signals were detected by
GCaMPof delivered by recombinant adeno-associated virus 2-4 weeks prior to imaging.
Lowering external osmolarity elicited a 4-5 fold increase in the frequency of Ca2+ signals in
astrocytic endfeet bordering pia mater and ensheathing cortical blood vessels, whereas Ca2+
signaling in fine astrocytic processes within the neuropil was only moderately elevated. In
contrast, the frequency of Ca2+ signals in astrocytic somata remained unchanged. The pattern of
Ca2+ signals differed between subpial and perivascular endfeet. Specifically, oscillatory Ca2+
signals were only observed in endfeet underneath the pia. In mice deficient in dystrophin, a
crucial component of the aquaporin-4 anchoring complex in endfoot membranes, the Ca2+
response to hypo-osmotic stress was significantly reduced only in subpial endfeet. We conclude
that astrocytic endfeet at the brain-CSF and brain-blood interfaces display unique Ca2+
responses to hypo-osmotic stress, and that subpial and perivascular endfeet differ in Ca2+
signaling.
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Abstract: Cortical spreading depression (CSD) is a slowly propagating wave of almost complete
grey matter depolarization followed by temporary EEG silencing. The phenomenon is thought to
underlie the migraine aura and is associated with neuronal swelling and profound increase in
extracellular glutamate and potassium. During CSD arterioles contract despite that the
parenchyma is severely metabolically stressed and in need for enhanced oxygen and glucose
supply. The aim of this study was to investigate volume dynamics of perivascular endfeet in
CSD, as endfoot volume dyshomeostasis could contribute to vascular uncoupling and tissue
metabolic stress. CSD was evoked by focal epidural application of KCl in a distant separate
craniotomy to the imaging window. Astrocytic endfeet were imaged in anesthetized mice
expressing enhanced green fluorescent protein under the astrocyte specific Glt1-promoter. The
vasculature was outlined by Texas Red-labelled dextran. Two-photon microscopy revealed that
the initial arteriolar contraction in CSD was accompanied by a profound increase in cross-
sectional area of periarteriolar endfeet. Our data suggest that astrocytic endfoot volume
dyshomeostasis occurs in CSD.
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Abstract: Recent studies suggest ATP release from glial cells as a potential mechanism through
which astrocytes are able to influence synaptic transmission. However, the contribution of ATP,
to ongoing activity, unlike glutamate, is quite difficult to quantify. This is due to the presence of
multiple receptor subtypes which lack specific antagonists and the relatively large diversity in
their time profile. In the present study we develop a biophysically detailed model of
gliotransmitter release from astrocytes that is in agreement with experimental data. Further we
investigate synaptic modulation at a hippocampal synapse by ATP and glutamate released from
astrocytes in a computational model of a tripartite synapse. Activity in glutamatergic
hippocampal synapses during different behavioral stages range from a fraction of hertz to tens of
hertz. This leads to distinct levels of ambient glutamate that can activate astrocytes causing them,
in turn, to release gliotransmitters like glutamate and ATP. Via both ionotropic and metabotropic
receptors, ATP and adenosine target presynaptic calcium and potassium currents, modulate
neuronal excitability and synaptic transmission. Separately, presence of purine receptors in
astrocytes sets in a feedback loop that alters IP3 coupled calcium release from these cells. How
do these neurotransmitters and gliotransmitters either independently or synergistically regulate
synaptic transmission? Our model describes astrocytic modulation of synaptic transmission in
response to ongoing 1) Basal 2) Medium 3) High frequency activity. Our computational
paradigm gives valuable insights into purinergic modulation of synaptic plasticity by astrocytes.
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Abstract: Neuron to astrocyte signaling is essential for functional tripartite synapses in the
mammalian central nervous system. Accumulating evidence has emerged that miRNAs are
packed into exosomes that are secreted into the extracellular space from the multivesicular body.
This has been considered a new intercellular communication mechanism. Previous evidence in
our lab showed that neurons up-regulate the expression of GLT-1 protein via exosomal transfer
of microRNA 124 (miR-124). However, exosome mediated transfer of miRNA has not been
demonstrated in vivo. Here we investigated miRNA transfer from spinal cord motor neurons to



astrocytes using retrograde transport of labeled miRNAs in astrocyte reporter BAC-ALDHIL1-
eGFP and EAAT2-tdTomato transgenic mice. Labeled miRNAs are mixed with fluoro-Gold and
are injected into the sciatic nerve of the hind limb. We examined spinal cord sections 7d, 14d,
and 21d post-injection. Interestingly, we found labeled miRNAs in extracellular space. Some of
the labeled miRNAs are overlapped with eGFP or tdTomato labeled astrocytes. In addition, we
performed immunogold EM of c¢d63, a membrane marker of exosomes on brain sections and
identified exosome structure near post-synaptic dendritic spines. Overall, our current study
provides in vivo evidence for exosome mediated transfer of miRNAs from neurons to astrocytes.
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Abstract: Astrocytes play key roles in the healthy brain from regulating extracellular
neurotransmitter/ion homeostasis and synaptic plasticity to controlling neurovascular coupling.
The ability of astrocytes to fulfill such diverse responsibilities relies on their heterogeneous
molecular and physiological profiles. However, the source of astrocyte heterogeneity in the
mature brain and the mechanisms involved remain poorly understood. We examined gene
expression databases for signaling pathways that were differentially expressed in astrocytes to
uncover the origin astrocyte heterogeneity. We found that the genes necessary for the reception



of the morphogen Sonic Hedgehog (Shh) were expressed at high levels in specific populations of
astrocytes in the adult brain while other astrocyte expressed lower levels. We also found that the
secreted ligand Shh is expressed by neurons throughout the adult brain. These expression
patterns indicate that the Shh pathway could be a novel mode of neuron to astrocyte
communication. To understand the importance of the Shh pathway in regulating the properties of
adult astrocytes in vivo, we utilized conditional loss- and gain-of-function genetic tools for Shh
pathway components coupled with 2-photon imaging, neurotransmitter uncaging, whole-cell
electrophysiology, and quantitative RT-PCR (qRT-PCR). We found that increasing and
decreasing the activity of the Shh pathway in the mature brain led to bi-directional changes in the
expression of key astrocyte molecules that mediate neurotransmitter detection, neurotransmitter
uptake, and ion homeostasis. The observed changes in gene expression led to corresponding
changes in astrocyte physiology. Interestingly, astrocytes in different brain regions appear to
show different responses to activating or eliminating the Shh pathway. Our results demonstrate
that mature astrocytes display extensive molecular plasticity in the mature, uninjured brain and
the molecular and physiological properties of astrocytes are not hardwired during development
but are dependent on neuron-derived Shh. The ability of neurons to control the molecular
properties of astrocytes likely ensures that astrocytes are equipped with an optimal molecular
toolkit to meet the physiological demands of specific brain circuits. Further work is needed to
determine if neuron-astrocyte communication through Shh pathway is disrupted in various brain
diseases.
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Abstract: Astrocytes in the cerebral cortex have many functions that support neuronal integrity.
One such function is maintaining ionic homeostasis of the extracellular fluid; this may involve
the regulation of the ionic environment, release of neurotransmitters or rapid reuptake of excess
neurotransmitters. Alterations in astrocyte function could affect the associated neuronal field, in
turn, effecting neuronal activity or neuronal survival. We previously published that transgenic
FGFR [F1o/FloxNestinCre e have a decreased number of cortical interneurons. Interneurons grown
on FGFR ] ox/Flox:NestinCre 1 suse astrocytes presented smaller soma size and fewer dendritic
processes when compared to their littermates. The physiology underlying this morphological
phenotype is unknown. One possible hypothesis is FGFR""*/FloxNestintre o ortical astrocytes are
unable to maintain the proper extracellular environment for proper function and/or survival of
these interneurons. A coculture model using P2-P4 FGFR J""*/FloxNestinCre iy ckout mice or
control littermate astrocytes to form a feeder layer for embryonic medial ganglionic eminence
derived Gad-67 GFP + labeled GABAergic interneurons was developed to better understand the
function FGFR1 has in astrocyte physiology. Techniques using intracellular calcium imaging
with Fluro 3-AM, revealed calcium waves in neurons and astrocytes of knock out and control
mice. Movies of these waves were analyzed using Image J. The inhibitory interneurons grown on
FGFR [Flo/FloxNestinCre oy ckout astrocytes had significantly fewer calcium peaks when compared
to control. (FGFR [F/oxFloxNestinCre p nsckout astrocytes  =4.75 + 3.38 peaks, FGFRIcontrol
astrocytes =20.13 £+ 3.38, p=0.0063*) An anecdotal point to be further investigated was the
oservation that the calcium peaks of cocultured interneurons on the knockout astrocytes were
lower amplitude than control. These results suggest that eventhough we have previously shown
that there was no significant difference in the calcium amplitude response between the

FGFR Fox/FloxiNestinCre p n sckout and control astrocytes. There are definitely significant
differences when interneurons are applied to these astrocytes, indicating the importance of the
astrocyte-neuron interaction.
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Abstract: In CAl area of the hippocampus, repeated stimulation of NPY-GFP+ GABAergic
interneurons leads to a form of persistent firing called retroaxonal barrage (RaB) firing (Sheftield
et al. 2011, 2013). We have shown previously that a decrease in extracellular calcium
concentration or block of voltage-gated calcium channels inhibits RaB firing. However,
intracellular BAPTA in NPY-GFP+ interneurons did not prevent RaB firing. Furthermore,
inhibition of gap junctions blocks RaB firing, but gap junctions other than Cx36, the major
connexin between CA1 interneurons, are responsible for this effect. These observations led us to
the hypothesis that the calcium signaling and gap junctions necessary for RaB firing could be in
astrocytes. To explore this hypothesis, we used a combination of electrophysiology, calcium
imaging and optogenetics in astrocytes. All experiments were performed in hippocampal slices
prepared from the CA1 area of the hippocampus in mice expressing GFP under the NPY
promoter in interneurons. Double recordings from astrocytes and NPY-GFP+ interneurons
revealed a subset of astrocytes (n=8/28) that depolarized >10 mV near the onset of RaB firing
(onset range: 18 sec before to 10 sec after RaB). Enhancing the astrocytic network depolarization
by bath application of BaCl2 facilitated RaB firing in all recordings (n=6/6). To further study the
relation between calcium transients in the network of astrocytes and RaB firing, we used the
genetically encoded calcium indicator, GCaMP3 in astrocytes. While no synchronized calcium
activity was observed in the network, many astrocytic processes exhibited increased fluorescence
prior to and during RaB firing (onset range: 7-21 sec prior to RaB generation; peak range from
onset of RaB: 45-95 sec) and stayed relatively stable for the duration of RaB firing. To
investigate the connection between astrocytic calcium signaling and RaB firing, we used
intracellular BAPTA for astrocyte recordings. RaB firing was first generated in interneurons and
a nearby astrocyte was subsequently patched using pipettes containing BAPTA (50mM). In some
cases, this resulted in complete block or an increase in the number of spikes required for
induction of RaB firing (n=7/25). Finally, stimulation of astrocytes with channelrhodopsin
(ChR2) increased calcium transients in astrocytes and decreased the threshold for RaB firing by
~45% (n=8/12); in some cases ChR2 stimulation was sufficient to generate RaB without
depolarizing stimulation. Together, these findings suggest that the astrocytic network plays a
direct role in regulating the induction of RaB firing in NPY interneurons.
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Abstract: Fibroblast growth factors (fgfs) are a family of 22 cytokines and 4 receptors, many of
which play a critical role in cortical development. Fgf ligands, including Fgf2, and the Fgfrl and
Fgfr2 receptors are expressed by astrocytes and astrocytic stem cell lineages of the developing
and adult CNS. Previous work has shown that the inactivation of Fgfrl in radial glial progenitors
of the developing cortex presents with an impairment in the postnatal maturation of parvalbumin
positive interneurons (PV+). This interneuron defect is associated with increased locomotor
hyperactivity. PV+ interneurons have an extensive postnatal maturation process which may be
regulated by other cell types in the cortical environment, including glial cells expressing Fgfr1.
We have characterized the expression of Fgfrl in the developing cortex and hippocampus with
the tgFgfr1-EGFP transgenic line (GENSAT). We demonstrate that there is an extensive
expression of Fgfrl in glial cells throughout postnatal development, at the time that interneuron
maturation is occurring, and in DCX positive neuroblasts in the hippocampal dentate gyrus. We
have further inactivated Fgfrl in postnatal astrocytes by tamoxifen inducible Cre mediated
recombination using the hGFAP-CreERT2 (GCE) transgene. We targeted astrocytes by postnatal
injections of tamoxifen (P14-17, 60 mg/kg i.p.). Postnatal loss of Fgfr1 alone resulted in
hyperactivity, and decreased anxiety on the elevated plus maze test. No differences in learning
were observed on a modified one-day morris water maze test. Previous studies have shown that
fgfr2 can have compensatory effects during the inactivation of fgfrl (for example, in cerebellar
development). We are currently investigating the effects of Fgfrl and Fgfr2 double mutants
mediated by tamoxifen inducible GCE recombination. We will determine whether the double
mutants have a more extensive behavioral phenotype than Fgfrl single mutants, and compare the
effects of Fgfrl single and Fgfr1/Fgfr2 double mutants upon PV neuron maturation, and
postnatal hippocampal proliferation.
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Abstract: Astrocytic Ca2+ signaling is required for LTP at the Hippocampal Schaffer Collateral
to CA1 (SC-CA1) synapses. Controversy, however, remains as IP3 receptor (IP3R) type-2
knockout mice (IP3R-2KO), which are reportedly deficient in astrocytic Ca2+ signaling, exhibit
normal LTP. It is possible that an astrocytic Ca2+ channel hitherto unknown is required for LTP
and that some Ca2+ transients still prevail locally, at the level of the processes, in IP3R-2KO
mice. In the current study, we address this hypothesis by visualizing sub-cellular Ca2+ dynamics
within astrocytic processes, focusing on Ca2+ release through all IP3R subtypes (1,2,3) and their
role in LTP. To image Ca2+ dynamics in astrocytic processes we used two-photon imaging of
GCaMP3 expressed in cultured hippocampal slices. We also performed two-photon Ca2+
imaging in acute slices, in this case we loaded the Ca2+ indicator Fluo-4 via an astrocytic whole-
cell patch-pipette. To evoke Ca2+ responses in astrocytes, we bath applied the group 1
metabotropic glutamate receptor agonist DHPG, or performed high frequency stimulation (HFS,
Isec at 100Hz) of the Schaffer Collaterals. In contrast to the premise of previous studies, we
observed substantial astrocytic Ca2+ responses in slices prepared from IP3R-2KO mice. As the
activation of astrocytic group 1 mGluRs is known to trigger Ca2+ release via IP3Rs, we decided
to investigate the contribution of other IP3R subtypes. To this end we repeated the above
experiments using hippocampal slices prepared from IP3R type-2/-3 double KO mice (IP3R-
2/3KO0) and used heparin, introduced via an astrocytic whole-cell patch-pipette, to inhibit all
IP3R subtypes. We thus identified two new astrocytic Ca2+ channels, namely IP3R-1 and IP3R-
3. Having identified two new functional Ca2+ channels in astrocytic processes we tested their
involvement in LTP. In accordance with Ca2+ imaging data, 2xHFS-LTP was intact in slices
prepared from IP3R-2KO, and IP3R-2/3KO mice. Finally, inhibiting all astrocytic IP3R subtypes
with heparin inhibited 2xHFS-LTP. Our results show for the first time that [IP3R-1 and IP3R-3
are functional Ca2+ channels within astrocytes, and that they could be required for LTP
induction at hippocampal CA3-CA1 synapses.
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Abstract: Repeated administration of cocaine results in the development of behavioral
sensitization in rodents, which is a progressive increase in locomotor response following
repeated drug exposure. The nucleus accumbens (NAc) serves as a cross point between
corticolimbic and motor regions, therefore playing an important role in generating motivated
behaviors to natural rewards and drugs of abuse. Behavioral sensitization is accompanied by a
decrease in excitatory synaptic strength in the NAc through an unknown mechanism, which
slowly potentiates during withdrawal. Repeated exposure to cocaine also produces an enduring
increase in dendritic spine density in the NAc. Here we show that repeated administration of
cocaine activates microglia and induces TNFa expression in the NAc, which in turn depresses
glutamatergic synaptic strength and limits the development of behavioral sensitization. Further,
TNFa KO mice show an increased spine density and cocaine-induced spinogenesis in the NAc,
suggesting a regulatory role for TNFa in dendritic spine formation or maintenance. TNFa. is
known to be produced by glia in the brain and glial cells are activated by a variety of drugs of
abuse. Their contribution to the development of addictive behaviors is not well characterized.
We utilized a Cre-loxP system to selectively delete TNFa from distinct subclasses of cells in the
brain, CX3CR1-Cre mice for microglia and GFAP-Cre mice for astrocytes. Mice that lack
microglia-derived TNFa show a significantly higher level of sensitization to cocaine.



Conversely, mice that lack astrocytic TNFa do not have elevated sensitization. We hypothesize
that TNFa is part of an important adaptive response to chronic cocaine involving microglia.
However, our results suggest that cocaine-induced activation of microglia and TNFa expression
occurs only during a narrow window following cocaine exposure, and re-activating microglia
could be therapeutic. Accordingly, we found that re-activation of microglia and induction of
TNFa expression by a weak TLR4 agonist depresses synaptic strength in the NAc and acutely
suppresses cocaine-induced sensitization without inducing sickness behavior. In conclusion,
manipulating microglia and TNFa levels in the NAc is a potential avenue for regulating cocaine-
induced plasticity and behavior.
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Abstract: The immune and endocrine system influence behaviour and contribute to the
development of the central nervous system (CNS) in a sexually dimorphic manner. The bed
nucleus of the stria terminalis (BST) is a highly sexually dimorphic brain region; in most
mammalian species the male BST is larger than the female BST. Previously, our lab has shown a
loss of this sexual dimorphism in mice lacking functional T cells. The present study investigates
the mechanism by which T lymphocytes may be influencing sexual dimorphic development.
Using immunohistochemistry and the microglial marker, anti-Ibal, microglia were examined in
WT and mice lacking the  and 8 chains of the T cell receptor (TCRp-/-8-/). Sex differences in
brain volume of the BST are present early in postnatal life and microglial analysis of brain tissue
from postnatal day 7 mice is ongoing. Serum levels of anti-Miillerian hormone (AMH), a



gonadal hormone implicated in development of the BST, will also be assessed in postnatal mice.
Our preliminary results from adult mice showed significant sex and genotype effects between
WT and TCRp-/-6-/- mice. In the dorsal BST, females showed a greater number of small
microglia compared to males, and WT males had a greater number of small microglia compared
to TCRp-/-0-/- males. In the ventral BST, the genotype effect in the male groups was reversed
with WT males showing a reduced number of small microglia compared to TCRf-/-6-/- males.
The influence of immune and endocrine signaling will be further explored during early
development of TCRB-/-3-/- mice to illustrate the contribution of these systems on sexual
dimorphic development of the brain. Acknowledgements: Funding support by the Ontario Brain
Institute and the Canadian Foundation for Innovation.
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Abstract: Stroke has been reported as the fourth leading cause of death for Americans and it is a
leading cause of adult disability. The risk of ischemic stroke increases significantly with aging.
Gender appears to play a profound role, with the incidence being higher in women. A large body
of studies has suggested that women in postmenopausal state are at greater risk of ischemic
stroke and are likely to experience much more severe impacts. A considerable amount of
research has supported that P4 is a potent neuroprotectant that may exert beneficial effects in
various neurodegenerative disorders, including stroke. Our laboratory has reported that Brain-
derived neurotrophic factor (BDNF), which has well-defined roles in synaptogenesis and
neuronal survival is a critical mediator for P4 neuroprotective actions. We have also recently
found that P4 enhances BDNF release from glia, but not from neurons, by acting via a novel
membrane-associated progesterone receptor, Pgrmcl. We recently have identified a member of
the Let-7 miRNA family that could potentially regulate PGRMCI1 by suppressing its
transcription. Furthermore, our data demonstrated an inverse association between Let-7 miRNA
and Pgrmc1 expression levels in post-ischemic mouse hippocampus. This correlation was



reported in normal aging brain where the antagomir (synthetic inhibitor) of Let-7 miRNA
significantly reduced infarct volume and improved neurological deficits in a rodent ischemic
stroke mode. These lines of evidence have strongly supported our hypothesis that in normal
aging or in the stroked brain, Let-7 miRNA negatively regulates Pgrmc1 gene expression, which
disrupts P4-induced BDNF release from glia and ultimately leads to the attenuation of P4’s
positive effect on synaptogenesis and neuronal survival.
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Abstract: The gliotransmitter D-serine is a co-agonist for N-methyl-D-aspartate receptors
(NMDAR) and has been shown to modulate synaptic transmission and plasticity mediated by
this receptor. Here we examined the role D-serine plays in shaping neuronal activity and axonal
remodeling in the developing visual system of the Xenopus tadpole. We find acute D-serine (100
uM) wash-on acutely enhances NMDAR currents of optic tectal neurons, whereas degradation of
D-serine by RgDAAO reduces NMDAR currents, indicating that endogenous D-serine is
normally present below saturating levels. Using D-serine amperometric biosensors, we found
that a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) activation
results in an increase in D-serine release in vivo. To investigate the influence of D-serine
availability on circuit maturation, we tested whether chronically elevating D-serine levels could
influence the maturation of glutamatergic synapses. We find that tadpoles raised in D-serine (100
uM) for 2 days have higher frequencies of miniature excitatory postsynaptic AMPAR currents
and higher retinotectal synaptic AMPA/NMDA ratios compared to control animals. Conversely,
decreasing the amount of available D-serine, with a local injection of RgDAAO, results in a
decrease in the amplitude and frequency of mEPSCs 24hrs after the injection. To examine the
effects of D-serine on morphological development of retinotectal axons, images of EGFP
expressing retinal axons were collected daily, over 4 days to assess growth and branch



elaboration and at shorter (10 min) intervals to assess branch stabilization. We find that
increasing available D-serine results in the hyperstabilization of retinal axon branches, with
axonal arbors becoming less complex compared to control axons over 4 days of treatment with
D-serine. 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 promote the maturation of retinotectal synapses and axonal
stabilization.

Disclosures: M. Van Horn: None. L. Pollegioni: None. E. Ruthazer: None.

Poster

297. Astrocyte-Neuron Interactions II

Location: Hall A

Time: Monday, October 19, 2015, 8:00 AM - 12:00 PM

Program#/Poster#: 297.09/B94

Topic: B.11. Glial Mechanisms

Support: Studentship Grant from the French Ministry of Higher Education and Research
Title: EphB3 receptors control synaptic NMDAR functions

Authors: *V. C. LANGLAIS, S. H. R. OLIET, A. PANATIER;
Neurocentre Magendie INSERM U862, Bordeaux Cedex, France

Abstract: Astrocytes are key partners of neurons and synapses. One of their main functions at
CA3-CA1 hippocampal synapses is to regulate the activity of synaptic NMDA receptors
(NMDARs) through the supply of the coagonist D-serine. Importantly, the detailed mechanism
controlling the release of D-serine in the synaptic cleft is still unknown. In this work, we have
investigated whether astrocytic EphB3 receptors play a role in controlling NMDAR coagonist
availability and thus NMDAR functions. Using electrophysiological approaches on acute
hippocampal slices of adult mice, we here show that exogenous stimulation of EphB3 receptors
with clustered ephrinB3-Fc ligands leads to an increase of NMDAR activity at CA3-CAl
synapses. Importantly, this modulation is due to an increase of the coagonist-binding site
occupancy. Furthermore, disrupting endogenous ephrinB3-EphB3 interaction induces an
impairment of synaptic NMDAR activity and its associated long-term synaptic potentiation. Both
are rescued by exogenous supply of D-serine. We are presently carrying out experiments, to
assess the role of astrocytic versus neuronal EphB3 receptors, in this pathway. All together, our
data reveals that EphB3 receptors regulate synaptic NMDAR functions through the control of the
coagonist-binding site occupancy.
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Abstract: Establishing functional neuronal networks during brain development requires
synchronous oscillatory activity among neurons. However, the mechanisms of synchronization
are not fully understood. Current models of neuronal synchronous activity assume that it is a
process intrinsic to neurons. Evidence that glial cells particularly astrocytes modulate
synchronous activity in networks of neurons is accumulating - for example during sleep, during
prodromal oscillations preceding spreading depression, and the slow inward currents (SICs)
resulting in synchronous activity in hippocampal neurons, thalamus and nucleus accumbens.
Astrocytes participate in neuronal communication by releasing “gliotransmitters” like glutamate,
ATP and D-serine. We hypothesize that astrocyte-neuron interactions are crucial for the
development of synchronous activity seen in the developing vertebrate brain. We tested this
hypothesis by establishing pure and mixed (astrocyte and neuronal) cultures from the developing
chicken brain (optic tectum) and recording total neuronal activity using the multi-electrode array
system, MED64. Pure neuronal cultures were obtained by treating cultures with the mitotic
inhibitor 5-fluorodeoxyuridine (FUdR) which kills mitotically active astrocytes but spares post-
mitotic neurons. Neurons were kept alive in the absence of astrocytes by supplementing the
culture medium with 50% astrocyte conditioned medium. Mixed cultures of astrocytes and
neurons show random spiking activity in one week and synchronous activity in two weeks
whereas pure neuron only cultures show random spiking activity without synchronization even
after two weeks - thus clearly establishing a role for astrocytes in the development of
synchronous activity. To further confirm the involvement of astrocytes we have reintroduced
astrocytes into the randomly spiking pure neuronal cultures after synchronous activity was
observed in the control mixed cultures. We observed an immediate increase in spiking activity
which synchronized within a week of reintroduction of astrocytes into the FUdR treated pure
neuronal cultures. To further dissect the molecular pathways involved we are targeting GPCR
pathways within astrocytes that mediate intracellular Calcium release. Activation of these G-
protein coupled receptors by their respective neurotransmitters mobilizes intracellular calcium
release leading to exocytosis of either glutamate or ATP. We are expressing dominant negative



peptides designed to disrupt downstream signaling pathways of these receptors and thereby
calcium mobilization and exocytosis of gliotransmitters in chick embryo astrocytes.
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Abstract: Glial cells are believed to play a key role in regulating extracellular levels of
glutamate in the nervous system, transporting extracellular glutamate into the cytoplasm of the
glial cells. This transport process is often associated with changes in extracellular levels of H+,
which can by itself have a potent modulatory effect on neuronal excitability and synaptic
transmitter release. In the present study, we have used self-referencing H+-selective
microelectrodes to examine standing levels of extracellular H+ from quiescent cortical astrocytes
cultured from rats, and have also examined changes in the level of extracellular H+ that occur
upon addition of the neurotransmitter glutamate. Cultured astrocytes in a bicarbonate-based
saline solution exhibit a standing acidic flux. When the normal 24 mM bicarbonate in the
solution is replaced with 1 mM HEPES, a standing flux remains but is smaller in magnitude. The
standing flux observed in the 1 mM HEPES condition remained when all of the extracellular
sodium was replaced with choline. Application of glutamate induced a transient extracellular
alkalinization, consistent with its transport into the glial cells. These results are the first to show
extracellular H+ levels adjacent to quiescent glial cells and suggest the possibility that changes in
extracellular H+ by glial cells may play a role in modulation of activity within the nervous
system.
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Abstract: Spinal Muscular Atrophy (SMA) is a neuromuscular childhood disease. SMA arises
due to the mutation of SMN1. Motor Neurons (MNs) are particularly sensitive to the low levels
of functional SMN protein and they selectively degenerate. In SMA mice models,
overexpression of the SMN protein in MNs alone did not confer extended survival or increase
muscle mass. However, when SMA protein levels were increased in both MNs and astrocytes,
SMA mice displayed improved survivability and muscle mass, indicating the importance of
astrocytes in SMA pathology. To study the roles of astrocytes in SMA pathology in human
genetic background, we established an efficient method of generating SMA and WT astrocytes
from induced pluripotent stem cells (iPSCs). We are performing studies such as glutamate uptake
tests and calcium imaging on the iPSCs-derived astrocytes to uncover functional differences
between WT and SMA conditions. We are also examining the levels of intracellular reactive
oxygen species to determine the presence of cellular oxidative stress in iPSCs-derived astrocytes,
which is an important indicator of astrocytes pathology. We hypothesize that iPSCs-derived
SMA astrocytes will exhibit functional abnormalities and have the propensity of inducing cell
death of the surrounding MNs in SMA conditions.
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Abstract: Background: Ischemic stroke remains a public health burden across the globe.
Although thrombolysis is the class I recommendation for treatment, it may lead to ischemic
reperfusion injury. Immunoinflammatory response is a profound pathogenic mechanism existing
in the whole process of ischemic reperfusion. TREM?2 (Triggering receptor expressed on
myeloid cells - 2), belonging to the immunoglobulin and lectin-like superfamily, can facilitate
phagocytosis and inhibit pro-inflammation. However, its role in the cerebral ischemic
reperfusion injury is still unclear. Objectives: To estimate the role of TREM?2 in cerebral
ischemic reperfusion injury. Materials and methods: /n vitro study, we established an oxygen-
glucose deprivation and reoxygenation (OGDR) model with primary microglia to detect the
intracellular mRNA and protein expression of TREM2. By using TREM2 siRNA
Oligonucleotides, we further compared the secretion of inflammatory cytokines such as TNF-

o, IL-1B,iNOS and IL-10 in microglia among different TREM2 levels. In addition, using the co-
culture model of primary hippocampal neurons and primary microglia, we evaluated the effect of
microglia with different TREM2 level on neuron apoptosis. /n vivo study, male C57BL/6J mice
were used to establish middle cerebral artery occlusion (MCAO) model. We firstly determined
the location and expression of TREM2 as well as the expression of a series of inflammatory
cytokines. After injection of TREMs siRNA to the right latreal ventricle of the mice, the change
of infarct area and the number of apoptotic neurons in peri-infract area were detected by TTC
staining and double immunofluorescent staining. Results: We found that the expressions of
TREM2 in microglia after OGDR increased with a peak at 24 hours and then gradually
decreased. So did the trend of the TREM2 expressions in peri-infarct area in MCAO mice.
Through TREM2 knockdown, the IL-1p secretion increased at 6 hours and TNF-a, IL-1f, iNOS
expression increased at 12 hours,while IL-10 decreased both at the two time points. By
overexpressing TREM2, IL-1f as well as TNF-a, IL-1B, iNOS and IL-10 showed a contrary
trend. Being co-cultured with OGDR microglia, more primary hippocampal neurons suffered
from apoptosis, and the injury could be alleviated by overexpressing TREM2. In MCAO model,
TREM2 mostly expressed in microglia which located in peri-infarct area. Lower expression of
TREM2 leaded to a higher level of inflammatory cytokines and poor neurological outcomes.
Conclusions: TREM2 could inhibit the expression of pro-inflammatory cytokines and neuronal
apoptosis, which is good for tissue repair and neurological recovery.
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Abstract: The energy requirements of signaling in the cerebral cortex are met by a variety of
metabolic cascades that take place within neurons and glia and are supplied by the local
microvasculature. The shuttle of lactate from glia to neurons (ANLS) constitutes a critical energy
baton between the two cell types that sustains the energetic requirements of synaptic
transmission. This energy relay is also critical for the maintenance of the transmembrane
concentration balance of the neurotransmitter glutamate. Of particular interest is the relative
sourcing of lactate from either glycogen mobilization or glycolysis. Glycogen is located within
the glia and is thought to be a storage center for glucose and the lactate that is eventually
transported to the energy-requiring neurons. The metabolic cost of maintaining a glycogen shunt
for the storage and retrieval of glucose for lactate production is greater than that of glycolysis,
thus begging the question of the role of this alternative pathway. The neurological and
psychiatric deficits presented by patients with glycogen metabolism disorders also point to a
significant constitutive function of the glycogen shunt in the brain. Using a computational model
of the neuro-glia-vasculature (NGV) within a cortical column containing synthetic astrocytes, we
explored the metabolic behavior of the NGV during various activity regimens, focusing on the
contribution of the glycogen shunt to metabolic patterns arising from frequency-dependent
cortical activity. We investigated the relative timing of ANLS development versus glycogen
shunt activity to determine the contribution of glycogen to the oxygen to glucose index (OGI).
We further examined neurotransmitter-mediated regulation of glycogen formation by
norepinephrine (NE) and vasoactive intestinal peptide (VIP) and asked how they impact the
activation of cAMP-dependent kinases, the regulation of glycogen and OGI under conditions of
normal and enhanced synaptic transmission.
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Abstract: Conjugates of saporin (SAP) have been widely used to target specific neurons while
leaving other neurons undisturbed. We found that killing catecholamine neurons bilaterally in the
nucleus tractus solitarii (NTS) by injection of the SAP conjugate containing an antibody to
dopamine-B-hydroxylase (antiDBH-SAP) spared non-catecholamine neurons but led to
attenuation of baroreceptor reflexes, lability of arterial pressure, and, in some animals, sudden
death. In contrast, selective targeting of catecholamine neurons with 6-hydroxydopamine
produced no such cardiovascular events. We hypothesized that SAP conjugates may target non-
neuronal cells in the NTS. Indeed, we found that local astrocytes were killed by the conjugates as
well as by unconjugated SAP itself. SAP injections into the NTS led to death of astrocytes that
expressed glial fibrillary acidic protein (GFAP) but did not affect neuronal structural markers
and neuronal biosynthetic enzymes. Our recent studies further suggest that local neurons are
physiologically intact. Nonetheless, SAP injections into the NTS significantly reduced
cardiovascular responses elicited by glutamate agonists injected into the NTS, and bilateral
injections of SAP into the NTS led to attenuation of cardiovascular reflexes whose pathways
pass through the NTS, lability of arterial pressure, damage to cardiac myocytes and sudden death
resulting from asystole. When asystole and death followed SAP treatment the fatal arrhythmia
followed progressive bradycardia. In that treated animals demonstrate altered ventilatory
function, we conjecture that it is altered ventilation that leads to cardiac compromise and death.
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Abstract: Gap junctions, formed by connexin proteins, function as conduits between the
intracellular milieu of many cell types. These pores have been difficult to study due to their distal
locations at junctions and the lack of selective pharmacological tools. In neurons, they form
electrical synapses which are important for synchronizing neural circuits. For example, it has
been previously described that removal of neuronal connexin36 diminishes gamma oscillations
in the CA3 region of the mouse hippocampus. These oscillations, ranging from 20-100 Hz are
thought to underlie attention, learning, and working memory. Gap junctions are also found in
abundance in other cell types of the brain, including astrocytes that exist in numbers at least
equal to neurons and form close spatial interactions with pyramidal neurons and interneurons.
Astrocyte gap junctions play important developmental roles and facilitate intercellular coupling
and regulation of synaptic transmission. However, their contributions to circuit level functions
such as gamma oscillations are not well described. Additionally, unopposed connexin and
pannexin pores, known as functional hemichannels, release neuromodulators such as ATP and
glutamate which have also been shown to modulate neuronal activity. Using targeted genetic and
pharmacological approaches, we investigated the contribution of gap junctions and hemichannels
in both neurons and astrocytes to network oscillations in the hippocampus. Using a broad
pharmacological approach, we have confirmed that functional gap junctions are required for the
maintenance of gamma oscillations and are developing genetic approaches to specifically disrupt
junctional coupling in astrocytes. Additionally, we have found that, while functional
hemichannels exist in hippocampal astrocytes, the function of pannexin hemichannels does not
seem to be necessary for gamma oscillations. Overall, we will report new data on how gap
junction proteins within astrocytes affect gamma oscillations in the hippocampus.
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Abstract: Our knowledge about the brain is steadily increasing; still, essential metabolic
functions of brain cells have not been fully characterized. The astrocyte, which is a glial cell
abundant in the mammalian brain, has an important role in anaplerosis by housing pyruvate
carboxylase (PC), the enzyme needed for de novo synthesis of glutamate. The PC rate has been
measured in vivo in single cortical samples of human and rodent brain, but not yet regionally.
The aim of this study was to apply MRS with [2-"*C]glucose to measure the PC rate in several
brain regions of the awake rat. 57 freely moving young adult male Sprague-Dawley rats
(210+10g, mean+SD) were infused with either [1->C] or [2-"*C]glucose. 8, 15, 30, 60 or 120
min after start of glucose infusion rats were euthanized by Focused Beam Microwave Irradiation
(n = 5-7 per time point), blood was collected and the brain removed and dissected into 6 regions:
cortex, cerebellum, hippocampus, striatum, thalamus, and hypothalamus. Extracted brain and
plasma samples were analyzed by proton-observed carbon-edited NMR spectroscopy to obtain
time courses of °C-enrichments at different carbon positions of glutamate, glutamine, and
GABA, as well as total metabolite concentrations. These data were combined and fitted in a
three-compartment model (i.e. astrocyte, GABAergic and glutamatergic neuron) using CWave
(Graeme F. Mason, Yale University), to derive the metabolic fluxes. Analysis of cortex extracts
from [2-">C]glucose infusions revealed that by 120min of infusion, enrichments at glutamine C3,
glutamate C3 and GABA C3, resulting predominantly from PC activity, reached 6-8%.
Glutamate C4, glutamine C4 and GABA C2 from [1-"°C]glucose infusions reached 30-40% at
120min, and formed the primary basis to estimate tricarboxylic acid cycle flux (Vrca) and the
glutamate-glutamine cycle (Vyeie) flux, happening in and between both neurons and astrocytes.
Metabolic rates from initial modeling of cortex data were Vyce=0.73, Vrca=1.72, and
Vpc=0.38umol/min/g. Further data analysis is needed to finalize metabolic rates for all brain
regions.
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Abstract: Alzheimer’s disease (AD) is the main cause of dementia in the elderly and begins with
a subtle decline in episodic memory followed by a more general decline in overall cognitive
abilities. Though the exact trigger for this cascade of events remains unknown the presence of
the misfolded amyloid-beta (AB) protein triggers reactive gliosis, a prominent neuropathological
feature in the brains of AD patients. It is likely that the physiological function of astrocytes is
affected in AD, resulting in altered synaptic physiology and having consequences for the stability
of microcircuits within key brain regions. We analyzed microarray data from an aged mouse
model of Alzheimer’s (APPswe/PS1dE9) and found crucial changes in astrocyte-specific genes
associated with ion homeostasis including a global down-regulation of glutamate (GLT-1 and
GLAST) and GABA (GAT-1) transporters, Na/K-ATPase (AMOG), and outward (TWIK-1 and
TREK?2) and inward potassium rectifiers (Kir4.1 and Kir5.1). Further immunohistochemical
analysis of KIR expression surprisingly revealed localized increases of channel expression in
astrocytes directly surrounding amyloid plaque deposits. By focusing on potassium currents in
the membrane using patch-clamp and field potential recordings we were characterized the
electrophysiological properties of astrocytes during several stages of astrogliosis. We
investigated the KIR conductance in astrocytes surrounding plaques as well as those further from
plaque deposition and were able to show that reactive astrocytes surrounding plaques have a
higher potassium conductance when compared to those further from plaque pathology.
Additionally, we investigated local synaptic activity by using the astrocytes as a field potential
sensor (aEPSPs). We also determined the potassium current in the astrocytes as a direct
consequence of stimulation of the surrounding neuronal network. The latter observations were
compared to currents induced by fast local pressure application of a high potassium solution. Our
preliminary results suggest that functional changes in reactive astrocytes disrupt potassium
homeostasis with potential consequences 