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Glutamic Acid Decarboxylase Immunoreactivity in
the Mossy Fiber Terminals of the Hippocampus of
Genetic Absence Epileptic Rats
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Glutamik Asit Dekarboksilaz Immiinreaktivitesi
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ABSTRACT

AIM: Genetic absence epilepsy rats from Strasbourg (GAERS) provide a model of absence epilepsy. Although excessive GABA mediation within
the thalamo-cortico-thalamic circuit has been shown to play a role in absence epilepsy, neuronal networks of hippocampus have recently
received attention. Glutamic acid decarboxylase (GAD) was previously shown to be increased after convulsive seizures in the mossy fiber
terminals (MFTs) of hippocampus. The aim of the present study was to investigate whether the change in the level of this enzyme in convulsive
seizures is also observed in rats having genetic absence epilepsy.

MATERIAL and METHODS: Hippocampal CA3 and dentate regions were processed for transmission electron microscopic evaluations. Thin
sections were incubated with anti-GAD65/67 antibody. The NIH Image Analysis program was used for the quantitative analysis.

RESULTS: It was observed that GAD65/67 immunoreactivity was positive in CA3 and dentate gyrus MFTs of both groups and the difference in
the density of immunolabeling between the groups was not statistically significant.

CONCLUSION: The present study demonstrated that GABA synthesizing enzyme, GAD, is found in MFTs of Wistar and GAERS hippocampus
and this enzyme does not show an increase in these terminals in absence epilepsy, in contrast to convulsive seizures.

KEYWORDS: Genetic absence epilepsy rats from Strasbourg, Glutamic acid decarboxylase, Hippocampus, Immunocytochemistry, Mossy
terminal

(¢74

AMAC: Genetik absans epilepsili sicanlar (GAERS, genetic absence epilepsy rats from Strasbourg) absans epilepsi modeli olarak deneysel
calismalarda kullanilmaktadir. Talamo-kortiko-talamik déngide artmis GABA aracil mekanizmalarin absans epilepside rol oynadigi gosterilmis
olmasina ragmen, son zamanlarda yapilan calismalarda hipokampustaki néronal ag dikkati cekmektedir. Yapilan calismalarda hipokampus
mossy lif terminallerindeki (MLT) glutamik asit dekarboksilazin (GAD) konvdilzif nobetlerden sonra artis gosterdigi saptanmistir. Bu calismanin
amaci, konviilzif nébetlerde goériilen GAD enzimi seviyesindeki degisikliklerin genetik absans epilepsili sicanlarda da goriliup gérilmedigini
arastirmaktir.

YONTEM ve GERECLER: Hipokampal CA3 ve dentat girus (DG) bélgelerinden alinan dokular elektron mikroskopik islemler icin hazirlandi. ince
kesitler anti-GAD 65/67 primer antikoru ile inkiibe edildi. Niceliksel analiz i¢in “NIH Image Analysis” gériintii analiz programi kullanildi.
BULGULAR: Her iki grup hipokampusunda CA3 ve DG MLT'de GAD 65/67 imm{nreaktivitesinin pozitif oldugu gozlendi. Kontrol ve GAERS
hipokampusunun her iki bélgesinde vezikiiler GAD 65/67 immiin-isaretlenme yogunluklari arasinda istatistiksel olarak anlamli fark bulunmadi.
SONUC: Bu calismada GAERS ve Wistar MLT'de GABA sentezleyen enzim olan GAD'In varligi gosterilmis ve konviilzif nébetlerden farkl olarak,
MLT'deki bu enzimin absans epilepside artis gostermedigi sonucuna varilmistir.

ANAHTAR SOZCUKLER: Genetik absans epilepsili sicanlar (Strasbourg), Glutamik asit dekarboksilaz, Hipokampus, immiinsitokimya, Mossy
terminali
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INTRODUCTION

Genetic absence epilepsy rats from Strasbourg (GAERS), a
strain of Wistar rats with genetically determined seizures, has
been used as an animal model of human absence epilepsy
since it was introduced by Vergnes et al. in the early 1980s
(30,31). Although an excessive GABAergic mediation in
thalamo-cortico-thalamic circuits has been shown to play a
role in absence epilepsy, recent studies have drawn attention
to the limbic structures including the hippocampal neuronal
network (17,18,21).In a study in which GAERS were stimulated
for the process of limbic kindling, only Wistar control animals
were reported to reach stage 5 generalized convulsive seizure
state, whereas GAERS failed to progress beyond stage 2 seizure
state, even after 30 kindling stimulations (5). An oppositional
mechanism in conversion of limbic seizure to motor seizure
in GAERS and different pathophysiological mechanisms in
the neuronal network of absence epilepsy and secondarily
generalized convulsions were suggested.

Glutamic acid decarboxylase (GAD) synthesizes GABA from
glutamate in the brain. It has 2 isoforms as GAD65 and GAD67
and both isoforms have the capability to synthesize GABA (2).
GADSG65 is predominantly found in the axon terminals, whereas
GAD67 is found predominantly in the cell body, as well as in
axon terminals (4,7,9,11). Previous studies used peroxidase-
antiperoxidase and immunogold methods to show the
localization of GAD in different parts of the body (6,10,29).

Light microscopic studies in 1980s suggested that the MFTs
might have been the source of GABA immunoreactivity
observed in CA3 stratum lucidum of the rat hippocampus
(19,27). Another study reported the presence of GAD
immunoreactivity in the same region (32). Later studies
showed an increase in GABA, GAD and GAD mRNA in
MFTs after seizures, epilepsy, or after an increase in the
synaptic strength (3,8,13-15,20,23,26,28). Also, previous
studies showed the presence of both GABA and glutamate
immunoreactivity in the MFTs of GAERS and non-epileptic
control rat hippocampus, using the immunocytochemical
techniques at the ultrastructural level (24,25). In the present
study, we aimed to investigate the presence of GAD in MFTs
of GAERS hippocampus and whether the change in the level
of this enzyme in convulsive seizures is also observed in rats
having genetic absence epilepsy.

MATERIAL and METHODS
Animals

Adult male (250-300 g, 7 months old), non-epileptic control
Wistar albino rats (n = 6) and GAERS (n = 6) having absence
seizures on cortical EEG were used in the study. The animals
were housed in a temperature-controlled room (20 + 3°C)
with a 12 h light / dark cycle and fed a standard diet. Full
approval of the experimental procedures was obtained from
the Animal Care and Use Committee of Marmara University
(50.2002.mar).
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Immunocytochemistry

Fortheultrastructural observationandimmunocytochemistry,
the animals were deeply anesthetized with ketamine (100
mg/kg) and xylazine hydrochloride (20 mg/kg) and then
sacrificed by transaortic perfusion with a fixative solution
containing 2.5% glutaraldehyde, 0.5% paraformaldehyde and
0.1% picric acid in 0.1 M HEPES, pH 7.3. Following fixation, the
animals were decapitated and the entire brain left overnight
in the same fixative at 4°C.

The following day, the brains were washed several times in
0.1 M HEPES, pH 7.3, and cut into 300 um slices using a Leica
VT 1000S vibratome (Wetzlar, Hesse, Germany). The CA3
and dentate regions of the hippocampus were dissected
and incubated in 1% osmium tetroxide / 1.5% potassium
ferricyanide for 30 min at room temperature. The samples
were then washed several times in deionized water and
stained en bloc with aqueous 0.5% uranyl acetate for 30 min at
room temperature. The tissue was then dehydrated in graded
series of ethanol, cleared in propylene oxide, and embedded
in Epon 812 for 24 h at 60°C. Semi-thin sections (1 um) were
cut on a Leica Ultracut R ultramicrotome and stained with
toluidine blue and viewed with the light microscope to
ensure proper orientation. The tissue was then thin sectioned,
collected on 200 mesh nickel grids coated with a Coat-Quick
“G"pen (Daido Sangyo Co., Ltd. Japan), and air dried for 3-4 h.

The grids containing thin sections were washed in TRIS-
buffered saline, pH 7.6, containing 0.1% Triton X-100 (TBST
7.6) and incubated in the primary antibody overnight in a
moist chamber at room temperature. The anti-GAD65/67
antibody (Sigma-Aldrich G5163, St. Louis, MO, USA) was
diluted 1:2000 in TBST 7.6. The samples were washed several
times in TBST 7.6 and TBST 8.2 and incubated for 90 min in
goat anti-rabbit IgG (Sigma-Aldrich G7402, St. Louis, Missouri,
USA) conjugated to 10 nm gold, which was diluted 1:50in TBST
8.2.The samples were then washed in TBST 7.6 and deionized
water. The sections were counterstained with uranyl acetate
and lead citrate before being viewed and photographed
on the JEOL 1200 EX Il transmission electron microscope
(Tokyo, Japan) by an individual blinded to the groups.
Negative control experiments were carried out by omitting
the primary antibody from the procedure. All of the samples
were processed simultaneously with the same antibody
solutions to avoid day-to-day differences. Ten photographs
from each grid were taken randomly within the same region
of the stratum lucidum layer of the CA3 subfield and within
the hilar region of dentate gyrus. The photomicrographs
were analyzed for the density of immunogold labeling within
MFTs using the program NIH Image Analysis (Image J). Gold
particles within pre-synaptic terminals were counted and the
area of nerve terminals was determined. The density of GAD
immunoreactivity was determined by dividing the number
of 10 nm gold particles by the area of the MFT (number of
particles/um?). From each section, we photographed 5 vessel
lumens containing gold particles, the mean density of which
we considered background labeling. Foreach grid, the average
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background labeling was calculated and subtracted from
the density of each terminal in that section. Only the nerve
terminals with a density greater than the mean background
labeling were included in the study.

Statistical analysis

The mean density of GAD65/67 immunolabeling was
calculated for each animal for both regions and the groups
were compared using an unpaired Student’s t parametric test.
The results of the density of GAD65/67 and the area of MFTs
were expressed as “mean + S.E.M."and p<0.05 was considered
as significant.

RESULTS
CA3region

GAD65/67 immunoreactivity was associated with the spherical
and dense core vesicles (DCVs), and the mitochondria in the
MFTs in CA3 region of both groups (Figure 1A,B). The negative
control experiments resulted in lack of immunolabeling.

[
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There was no difference in the areas (control: 4.63 + 0.44
pm?2 [n=6, a total of 60 terminals], GAERS: 5.81 + 0.41 pum?
[n=6, a total of 60 terminals]) of MFTs (Figure 2) and in the
density (control: 8.95 + 2.98 particles/um?, GAERS: 5.66 *
1.76 particles/um?) of GAD65/67 immunolabeling (Figure 3)
between Wistar and GAERS groups in CA3 region.

Dentate gyrus region

GAD65/67 immunoreactivity was associated with the
spherical and DCVs, and the mitochondria in mossy fiber
collateral terminals in dentate region of both groups (Figure
1C,D). The negative control experiments resulted in lack of
immunogold labeling.

As in CA3 region, there was no difference in the areas (control:
442 + 0.67 um?[n=6, a total of 60 terminals]; GAERS: 4.06 +
0.28 um? [n=6, a total of 60 terminals]) of mossy fiber collateral
terminals (Figure 2) and in the density (control: 11.99 + 3.76
particles/um? GAERS: 7.50 + 2.62 particles/um?) of GAD65/67
immunolabeling (Figure 3) between the control and GAERS
groups in the dentate region.

Figure 1: GAD65/67 immunoreactivity in MFTs.
A) MFTs (MT) making asymmetrical synapse
(arrow) with dendritic spines in CA3 region in
control hippocampus. D: Dendritic shaft.

Inset: GAD 65/67 immunoreactivity (arrow)
associated with the spherical vesicles (v). B) A
MFT (MT) in CA3 region in GAERS hippocampus.
Inset: GAD 65/67 immunoreactivity (arrow)
associated with the spherical vesicles.

C) A mossy fiber collateral terminal (MT)

making asymmetrical synapse (arrow) with

a dendritic spine in dentate gyrus region

in control hippocampus. Inset: GAD 65/67
immunoreactivity (arrow) associated with the
DCVs (arrowhead). D) A MFT (MT) in dentate
gyrus of GAERS hippocampus. Inset: GAD 65/67
immunoreactivity (arrow) associated with the
spherical and DCVs (arrowhead).
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Figure 2: Area of mossy fiber terminals in CA3 and dentate gyrus
regions.
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Figure 3: Density of GAD65/67 immunoreactivity per pm? of
mossy fiber terminals in CA3 and dentate gyrus regions.

DISCUSSION

The present study shows for the first time the localization
of GAD in MFTs of GAERS hippocampus by immunogold
techniques at the ultrastructural level. There was no significant
difference in the mean area of mossy terminals and in the
GAD density in MFTs between Wistar and GAERS groups both
in CA3 and dentate regions. Similarly, in previous studies, no
significant difference in the areas of mossy terminals between
GAERS and their non-epileptic control groups was found
(24,25).

Mossy fibers originating from dentate granule cells and
synapsing with CA3 pyramidal cells are excitatory (12).
Sandler and Smith are the first researchers reporting that
the mossy fiber terminals contain both glutamate and GABA
(22). It was previously demonstrated that MFTs were GABA
immunopositive in GAERS and their non-epileptic control
hippocampus (24,25). In an in situ study by Bergersen et
al., both GABA and glutamate were shown to be in relation
with the synaptic vesicles in the same MFT (1). Sloviter et al.
were first to report that the source of GABA in mossy fiber
terminals was GAD (26). They showed that GABA and GAD67
were normally present in MFTs of rat, monkey and human
hippocampus and seizures upregulated GABA and both
isoforms of GAD. GAD67 and GAD67 mRNA upregulation in
granule cells were also proved in other animal studies using
electrical kindling or chemical convulsants (3,13,20,14,23,28).
These studies concluded that GABA in MFTs was synthesized
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by GAD and the increase in GABA levels after seizures may
be due to an effort to compensate for the hyperexcitability.
The quantitative results of the present study showed that
GAD65/67 immunoreactivity was present in MFTs of both
Wistar and GAERS hippocampus but the difference in its
density between the groups was not statistically significant,
suggesting that it was not modified in absence seizures in
contrast with convulsive seizures.

The two isoforms of GAD were proved to show different
cellular distribution, suggesting different functions in
neurons (4). GAD65 is found in synaptic terminals and GAD67
in terminals, somata and dendrites (11). This localization
suggests that GAD67 in the soma synthesizes metabolic
GABA pool and GAD65 the releasable pool. However, previous
studies manifested that the GABA released from mossy fibers
was synthesized from 67kDa isoform (15,20,23,26). A mild
immunostaining of GAD67 and GABA was previously reported
in DG of control preparations (23,26). In a study by Maqueda et
al., GAD67 was constitutively shown to be expressed in some
granule cells of adult control rats (15). In kindled epileptic rats,
a marked expression of GAD67 in granule cells and mossy
fibers was observed. They also showed that despite the lack
of GAD65, its mRNA was found in adult control and epileptic
rats. They concluded that GAD65 mRNA in granule cells was
neither regulated developmentally nor over-expressed by
seizures, despite the down-regulation of GAD67 after the
completion of the development and its up-regulation in an
activity-dependent manner. Recently, colocalization of both
GAD65 and GAD67 with vesicular GABA transporter (VGAT)
in hippocampal mossy fiber terminals in adult Wistar rats
was demonstrated by ultrastructural immunocytochemical
methods (33). Similarly, GAD65/67 immunoreactivity was
found to be positive in MFTs of non-epileptic control Wistar
rats in the present study.

In conclusion, the mossy terminals of GAERS contain
GAD65/67 and this enzyme probably synthesizes GABA that
was previously demonstrated in the hippocampus of this
strain (24,25). In contrast to GAD increase in the hippocampus
of convulsive epilepsy models, the present study revealed
that the density of GAD immunoreactivity was not altered in
rats with genetic absence epilepsy. This points out different
mechanisms underlying two particular epilepsy types.

ACKNOWLEDGEMENT

This study was supported by Marmara University Research
Fund (SAG 064/131102).

REFERENCES

1. Bergersen L, Ruiz A, Bjaalie JG, Kullmann DM, Gundersen
V: GABA and GABAA receptors at hippocampal mossy fiber
synapses. Eur J Neurosci 18:931-941, 2003

2. Bu DF, Erlander MG, Hitz BC, Tillakaratne NJ, Kaufman DL,
Wagner-McPherson CB, Evans GA, Tobin AJ: Two human
glutamate decarboxylases, 65-kDa GAD and 67-kDa GAD,
are each encoded by a single gene. Proc Natl Acad Sci USA
89:2115-2119, 1992

Turkish Neurosurgery 2011, Vol: 21, No: 4, 499-503



Sirvanci 8. et al: The Mossy Fiber Terminals of the Hippocampus

Ding R, Asada H, Obata K: Changes in extracellular glutamate
and GABA levels in the hippocampal CA3 and CA1 areas and
the induction of glutamic acid decarboxylase-67 in dentate
granule cells of rats treated with kainic acid. Brain Res
800:105-113, 1998

Erlander MG, Tobin AJ: The structural and functional
heterogeneity of glutamic acid decarboxylase: A review.
Neurochem Res 16: 215-226, 1991

Eskazan E, Onat FY, Aker R, Oner G: Resistance to propagation
of amygdaloid kindling seizures in rats with genetic absence
epilepsy. Epilepsia 43:1115-1119, 2002

Fukuda T, Aika Y, Heizmann CW, Kosaka T: GABAergic axon
terminals at perisomatic and dendritic inhibitory sites show
different immunoreactivities against two GAD isoforms,
GADG67 and GADG65, in the mouse hippocampus: A digitized
quantitative analysis. J Comp Neurol 395:177-194, 1998

Gonzalez C, Kaufman DL, Tobin AJ, Chesselet MF: Distribution
of glutamic acid decarboxylase (Mr 67,000) in the basal
ganglia of the rat: An immunohistochemical study with a
selective cDNA-generated polyclonal antibody. J Neurocytol
20:953-961, 1991

Gutiérrez R: Activity-dependent expression of simultaneous
glutamatergic and GABAergic neurotransmission from the
mossy fibers in vitro. J Neurophysiol 87:2562-2570, 2002

Henry S, Tappaz M: Relative enrichment of the lighter 59 kDa
form of glutamic acid decarboxylate in nerve endings: An
immunoblotting study in pituitary neurointermediate lobe.
Neurosci Lett 131:253-256, 1991

. Jakab RL, Leranth C: Catecholaminergic, GABAergic, and

hippocamposeptal innervation of GABAergic “somatospiny”
neurons in the rat lateral septal area. J Comp Neurol 302:
305-321, 1990

. Kaufman DL, Houser CR, Tobin AJ: Two forms of the g-amino-

butyric acid synthetic enzyme glutamate decarboxylase have
distinct intraneuronal distributions and cofactor interactions.
J Neurochem 56:720-723, 1991

. Langdon R, Johnson J, Barrionuevo G: Asynchrony of mossy

fibre inputs and excitatory postsynaptic currents in rat
hippocampus. J Physiol 472:157-176, 1993

. Lehmann H, Ebert U, L&scher W: Immunocytochemical

localization of GABA immunoreactivity in dentate granule
cells of normal and kindled rats. Neurosci Lett 212:41-44,
1996

. Makiura Y, Suzuki F, Chevalier E, Onténiente B: Excitatory

granule cells of the dentate gyrus exhibit a double
inhibitory neurochemical content after intrahippocampal
administration of kainate in adult mice. Exp Neurol 159:
73-83,1999

. Maqueda J, Ramirez M, Lamas M, Gutiérrez R: Glutamic acid

decarboxylase (GAD)67, but not GADG65, is constitutively
expressed during developmentandtransiently overexpressed
by activity in the granule cells of the rat. Neurosci Lett 353:
69-71,2003

. Marescaux C, Vergnes M: Genetic absence epilepsy in rats

from Strasbourg (GAERS). Ital J Neurol Sci 16:113-118, 1995

. Nehlig A, Vergnes M, Boyet S, Marescaux C. Local cerebral

glucose utilization in adult and immature GAERS. Epilepsy
Res 32:206-212, 1998

. Nehlig A, Vergnes M, Marescaux C, Boyet S: Mapping of

cerebral energy metabolism in rats with genetic generalized
nonconvulsive epilepsy. J Neural Transm 35:141-153(Suppl.),
1992

Turkish Neurosurgery 2011, Vol: 21, No: 4, 499-503

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ottersen OP, Storm-Mathisen J: Neurons containing or
accumulating transmitter amino acids. In: Bjorklund A, Hokfelt
T, Kuhar MJ, eds. Handbook of chemical neuroanatomy. Vol 3:
Classical transmitters and transmitter receptors in the CNS,
Part Il. Amsterdam: Elsevier,1984: 141-246

Ramirez M, Gutiérrez R: Activity-dependent expression of
GAD67 in the granule cells of the rat hippocampus. Brain Res
917:139-146, 2001

Richards DA, Morrone LA, Bowery NG: Hippocampal
extracellular amino acids and EEG spectral analysis in a
genetic rat model of absence epilepsy. Neuropharmacology
39:2433-2441, 2000

Sandler R, Smith AD: Coexistence of GABA and glutamate
in mossy fiber terminals of the primate hippocampus: An
ultrastructural study. J Comp Neurol 303:177-192, 1991

Schwarzer C, Sperk G: Hippocampal granule cells express
glutamic acid decarboxylase-67 after limbic seizures in the
rat. Neuroscience 69:705-709, 1995

Sirvanci S, Meshul CK, Onat F, San T: Glutamate and
GABA immunocytochemical electron microscopy in the
hippocampal dentate gyrus of normal and genetic absence
epilepsy rats. Brain Res 1053:108-115, 2005

Sirvanci S, Meshul CK, Onat F, San T: Immunocytochemical
analysis of glutamate and GABA in hippocampus of genetic
absence epilepsy rats (GAERS). Brain Res 988:180-188, 2003

Sloviter RS, Dichter MA, Rachinsky TL, Dean E, Goodman
JH, Sollas AL, Martin DL: Basal expression and induction of
glutamate decarboxylase and GABA in excitatory granule
cells of the rat and monkey hippocampal dentate gyrus. J
Comp Neurol 373:593-618, 1996

Storm-Mathisen J, Ottersen OP: Antibodies against amino
acid neurotransmitters. In: Panula P, Pdivarina H, Soinila S, eds.
Neurohistochemistry: Modern methods and applications.
New York: Alan R. Liss Inc., 1986:107-136

Szabd G, Kartarova Z, Hoertnagl B, Somogyi R, Sperk G:
Differential regulation of adult and embryonic glutamate
decarboxylases in rat dentate granule cells after kainate-
induced limbic seizures. Neuroscience 100:287-295, 2000

Thind KK, Goldsmith PC: GABAergic and catecholaminergic
synaptic interactions in the macaque hypothalamus: double
label immunostaining with peroxidase-antiperoxidase and
colloidal gold. Brain Res 383:215-227,1986

Vergnes M, Marescaux C, Micheletti G, Depaulis A, Rumbach
L, Warter JM: Enhancement of spike and wave discharges by
GABA-mimetic drugs in rats with spontaneous petit-mal-like
epilepsy. Neurosci Lett 44(1):91-94, 1984

Vergnes M, Marescaux C, Micheletti G, Reis J, Depaulis
A, Rumbach L, Warter JM: Spontaneous paroxysmal
electroclinical patterns in rat: A model of generalized non-
convulsive epilepsy. Neurosci Lett 33(1):97-101, 1982

Woodson W, Nitecka L, Ben-Ari Y: Organization of the
GABAergic system in the rat hippocampal formation: A
quantitative immunocytochemical study. J Comp Neurol 280:
254-271,1989

Zander JF, Miinster-Wandowski A, Brunk |, Pahner |, Gémez-
Lira G, Heinemann U, Gutiérrez R, Laube G, Ahnert-Hilger
G: Synaptic and vesicular coexistence of VGLUT and VGAT
in selected excitatory and inhibitory synapses. J Neurosci
30(22):7634-7645,2010

503



