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2Institut National de la Santé et de la Recherche Médicale U29, INMED,
Marseille, F-13009 France

3Department of Anatomy, Institute of Basic Medical Sciences and Centre for Molecular
Biology and Neuroscience, University of Oslo, Oslo, N-0317 Norway
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ABSTRACT
The reorganizations of the overall intrinsic glutamatergic and �-aminobutyric acid

(GABA)-ergic hippocampal networks as well as the time course of these reorganizations
during development of pilocarpine-induced temporal lobe epilepsy were studied with in situ
hybridization and immunohistochemistry experiments for the vesicular glutamate trans-
porter 1 (VGLUT1) and the vesicular GABA transporter (VGAT). These transporters are
particularly interesting as specific markers for glutamatergic and GABAergic neurons, re-
spectively, whose expression levels could reflect the demand for synaptic transmission and
their average activity. We report that 1) concomitantly with the loss of some subpopulations
of VGAT-containing neurons, there was an up-regulation of VGAT synthesis in all remaining
GABA neurons as early as 1 week after pilocarpine injection. This enhanced synthesis is
characterized by marked increases in the relative amount of VGAT mRNAs in interneurons
associated with increased intensity of axon terminal labeling for VGAT in all hippocampal
layers. 2) There was a striking loss of mossy cells during the latent period, demonstrated by
a long-term decrease of VGLUT1 mRNA-containing hilar neurons and associated loss of
VGLUT1-containing terminals in the dentate gyrus inner molecular layer. 3) There were
aberrant VGLUT1-containing terminals at the chronic stage resulting from axonal sprouting
of granule and pyramidal cells. This is illustrated by a recovery of VGLUT1 immunoreactivity
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in the inner molecular layer and an increased VGLUT1 immunolabeling in the CA1–CA3
dendritic layers. These data indicate that an increased activity of remaining GABAergic
interneurons occurs during the latent period, in parallel with the loss of vulnerable gluta-
matergic and GABAergic neurons preceding the reorganization of glutamatergic networks. J.
Comp. Neurol. 503:466–485, 2007. © 2007 Wiley-Liss, Inc.

Indexing terms: temporal lobe epilepsy; VGLUT1; VGAT; GAD; rat

Several modifications of the glutamatergic and
�-aminobutyric acid (GABA)-ergic hippocampal networks
have been described in the pilocarpine model of temporal
lobe epilepsy at the chronic stage, when the animals have
developed spontaneous recurrent limbic seizures. These
modifications include an axonal sprouting and aberrant
neosynaptogenesis of the granule cells and CA1 pyramidal
neurons (Okazaki et al., 1995; Esclapez et al., 1999; Leh-
mann et al., 2001; Okazaki and Nadler, 2001; Buckmaster
et al., 2002), a loss of specific subpopulations of GABAergic
neurons in the hilus of the dentate gyrus (Obenaus et al.,
1993; Houser and Esclapez, 1996; Kobayashi and Buck-
master, 2003) and in the stratum oriens of CA1 (Houser
and Esclapez, 1996; Dinocourt et al., 2003), and increased
activity of remaining GABAergic neurons (Esclapez et al.,
1997, 1999; Cossart et al., 2001). Some of these reorgani-
zations start during the latent period (after the initial
period of status epilepticus following pilocarpine injec-
tion), when the animals display a normal behavior
(Obenaus et al., 1993; Dinocourt et al., 2003; Ferhat et al.,
2003; Kobayashi and Buckmaster, 2003). However, little
is known about the time course of these different struc-
tural and physiological modifications during development
of this epilepsy. Such information is crucial to determine
the critical factors that could lead to the emergence of the
first spontaneous seizures. The goal of this study was to
assess the structural reorganizations and modifications of
presynaptic transmitter packaging capacity of the intrin-
sic glutamatergic and GABAergic hippocampal networks
as well as the time course of these alterations at the
different stages of development of pilocarpine-induced ep-
ilepsy (latent and chronic stage) by using in situ hybrid-
ization and immunohistochemical experiments for the ve-
sicular glutamate transporter 1 (VGLUT1) and the
vesicular GABA transporter (VGAT).

Such markers were selected because 1) in the cerebral
cortex, including the hippocampal formation, VGLUT1
and VGAT are specific markers for the glutamatergic and
GABA networks, respectively (Chaudhry et al., 1998;
Fremeau et al., 2001), and 2) their expression levels may
reflect the demand for synaptic transmission and likely
the average presynaptic activity of these neurons
(Fremeau et al., 2004; Wojcik et al., 2004, 2006). In the
hippocampal formation, VGLUT1 mRNA and protein are
located in the cell body and axon terminals, respectively,
of all intrinsic glutamatergic principal cells, including the
CA1–CA3 pyramidal cells of Ammon’s horn and the gran-
ular cells of the dentate gyrus (Bellocchio et al., 1998,
2000; Fremeau et al., 2001; Kaneko et al., 2002). Simi-
larly, VGAT mRNA and protein are restricted to cell body
and axon terminals of GABAergic interneurons (McIntire
et al., 1997; Chaudhry et al., 1998; Sperk et al., 2003).
These vesicular transporters are required for the translo-
cation of the neurotransmitters into synaptic vesicles at

axon terminals. After an action potential, synaptic vesi-
cles release their transmitter content into the synaptic
cleft. The amount of neurotransmitter released by an ac-
tion potential at a given synapse is subject to multiple
regulatory mechanisms. One of them is the expression
level of vesicular transporters that have been shown to
regulate the amount of neurotransmitter content into syn-
aptic vesicles (Song et al., 1997; Pothos et al., 2000; Travis
et al., 2000; Fremeau et al., 2004; Wojcik et al., 2004,
2006). Therefore, the expression levels of vesicular trans-
porters can influence directly the synaptic performance
and reflect an average level of presynaptic activity.

Our data demonstrate that the death of the vulnerable
subpopulation of glutamatergic neurons, the hilar mossy
cells, occurred in parallel with the death of the vulnerable
subpopulations of GABAergic neurons in the stratum
oriens of CA1 and in the hilus of the dentate gyrus at the
beginning of the latent period, after the status epilepticus
induced by pilocarpine injection. In contrast, the reorga-
nizations of the glutamatergic and GABAergic neuronal
networks as well as their time course were different. The
reorganization of the surviving GABAergic neurons was
characterized mainly by an up-regulation of presynaptic
molecules involved in GABAergic neurotransmission that
likely reflected an increased presynaptic activity, occurred
as early as at the beginning of the latent period, and
persisted during the chronic stage. The reorganization of
the glutamatergic principal neurons corresponds mainly
to an axonal sprouting and aberrant synaptogenesis that
occurred at the chronic stage.

MATERIALS AND METHODS

Animals

All animal use protocols were approved by the European
Communities Council (86/609/EEC). Adult male Wistar
rats weighing 200–290 g (Charles River France) were
injected intraperitonealy (i.p.) with pilocarpine hydrochlo-
ride (340 mg/kg; Sigma, St. Louis, MO), a muscarinic
cholinergic agonist. The injection protocols were similar to
those previously described (Turski et al., 1983; Cavalheiro
et al., 1987; Obenaus et al., 1993). A low dose of the
cholinergic antagonist methyl scopolamine nitrate (1 mg/
kg, i.p.) was administrated 30 minutes before pilocarpine
injection in order to reduce the peripheral effects of the
cholinergic agonist (Baez et al., 1976; Turski et al., 1983).
Only animals that displayed robust behavioral seizures
for 3 hours were selected in this study. This period of
severe sustained seizures was stopped by a single injec-
tion of diazepam (8 mg/kg, i.p.; Sigma) to reduce mortality
of the animals. The rats were then observed periodically in
the vivarium for general behavior and occurrence of spon-
taneous seizures for a period of 16 weeks. Pilocarpine-
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treated animals were studied at several postinjection in-
tervals: during the latent period, when animals displayed
an apparently normal behavior (1 and 2 weeks, n � 6 at
each interval), and during the chronic stage, when the
animals have developed spontaneous recurrent limbic sei-
zures (8, 12, and 16 weeks; n � 3 at each interval). We
previously demonstrated in this model of pilocarpine-
treated rats, by using in vivo electroencephalographic re-
cordings, that the first spontaneous seizures occur during
the third week after status epilepticus (El-Hassar et al.,
2007). Eight age-matched rats from the same litters were
used as controls.

Tissue preparation

The rats were deeply anesthetized with sodium pento-
barbital injection (60 mg/kg, i.p.) and perfused intracardi-
ally with a fixative solution containing 4% paraformalde-
hyde in 0.12 M sodium phosphate buffer, pH 7.4 (PB). The
rats received 300 ml of this fixative per 100 g body weight.
After perfusion, the brains were removed from the skull,
postfixed in the same fixative for 1 hour at room temper-
ature (RT), and rinsed in 0.12 M PB for 1.5 hours. Blocks
of the forebrain containing the entire hippocampal forma-
tion were immersed in a cryoprotective solution of 20%
sucrose in PB overnight at 4°C, quickly frozen on dry ice,
and sectioned coronally at 40 �m with a cryostat. The
sections were rinsed in 0.01 M phosphate-buffered saline
(PBS), pH 7.4, collected sequentially in tubes containing
an ethylene glycol-based cryoprotective solution (Watson
et al., 1986; Lu and Haber, 1992), and stored at –20°C
until histological processing.

Every tenth section was stained with cresyl violet to
determine the general histological characteristics of the
tissue within the rostral-caudal extent of the hippocampal
formation. From each rat, adjacent sections were pro-
cessed for nonradioactive in situ hybridization with VGAT
and VGLUT1 cRNA probes and for immunohistochemis-
try with antibodies that are specific for each vesicular
transporter. Sections from control and pilocarpine-treated
rats were always processed in parallel.

In situ hybridization

Probe synthesis. The VGAT and VGLUT1 probes
used in this study were digoxigenin-labeled riboprobes
obtained by in vitro transcription of the following cDNAs.
The VGAT cDNA was obtained by RT-PCR. It corresponds
to the 52–237 bp fragment of the rat sequence. This cDNA
(297 bp) was inserted into the pCR TOPO II vector (In-
vitrogen, Burlingame, CA) for in vitro transcription. The
VGLUT1 cDNA was cloned by RT-PCR. It corresponds to
the 1,593–1,915-bp fragment of the rat sequence. This
cDNA (322 bp) was inserted into the pCDNA3 vector (In-
vitrogen) for in vitro transcription.

The transcription was carried out with the nonradioac-
tive RNA labeling kit (Roche Diagnostics, Meylan,
France). The recombinant plasmid containing the VGAT
cDNA insert was linearized with the restriction enzyme
Hind III and transcribed with T7 RNA polymerase to
obtain the sense probe or linearized with EcoRV and tran-
scribed with Sp6 to obtained the antisense probe. The
plasmid containing the VGLUT1 cDNA insert was linear-
ized with Hind III and transcribed with T7 RNA polymer-
ase to obtained the antisense probe or linearized with
EcoRV and transcribed with Sp6 to obtain the sense
probe.

The labeling efficiency of the digoxigenin-labeled probes
for VGAT or VGLUT1 mRNA was determined each time
by direct immunological detection on dot blots with a
nucleic acid detection kit (Roche Diagnostics). The inten-
sity of the signal for each probe was compared with a
serial dilution of digoxigenin-labeled control RNA of
known concentration. Only antisense and sense VGAT
and VGLUT1 probes with comparable signal intensity
(comparable labeling efficiency), as determined in dot
blots, were used for in situ hybridization.

Hybridization and detection. Free-floating sections
were processed for VGAT and VGLUT1 in situ hybridiza-
tion according to a previously described protocol (Esclapez
et al., 1993). To enhance penetration of the probes, sec-
tions were pretreated with the following solutions: 0.02 N
HCl for 10 minutes; 0.01% Triton X-100 in PBS for 3
minutes; and 0.25 �g/ml proteinase K in 50 mM Tris
buffer, 5 mM ethylene diamine tetraacetate (EDTA), pH
7.4, for 10 minutes. After these pretreatments, sections
were incubated for 1 hour at RT in a prehybridization
solution containing 50% formamide, 750 mM NaCl, 25
mM EDTA, 25 mM piperazine-N,N8-bis 2-ethanesulfonic
acid (PIPES), 0.02% Ficoll, 0.02% polyvinylpyrrolidone,
0.02% bovine serum albumin (BSA), 0.2% sodium dodecyl
sulfate (SDS), 250 �g/ml poly-A, and 250 �g/ml salmon
sperm DNA. Sections were then incubated for 16 hours at
50°C in the hybridization solution, consisting of the pre-
hybridization solution with the addition of 0.2 ng/�l
digoxigenin labeled RNA probe, 100 mM dithiothreitol
(DTT), and 4% dextran sulfate. After hybridization, sec-
tions were rinsed in a 4� saline sodium citrate solution
(1� SSC: 150 mM NaCl, 60 mM Na citrate, pH 7.0) con-
taining 10 mM sodium thiosulfate and were treated with
ribonuclease A (50 �g/ml in 0.5 M NaCl, 10 mM sodium
thiosulfate, 1 mM EDTA, 10 mM Tris HCl buffer, pH 8.0)
for 30 minutes at 37°C. Low- to high-stringency washes
were performed with decreasing concentrations of SSC,
ending with an incubation in 0.1� SSC, 10 mM sodium
thiosulfate for 30 minutes at 55°C. Sections were then
processed for immunodetection of the digoxigenin label by
means of a nucleic acid detection kit (Roche Diagnostic).
The sections were rinsed twice in 100 mM Tris HCl buffer,
150 mM NaCl, pH 7.5; incubated for 1 hour in the same
buffer containing 0.5% blocking reagent and 0.3% Triton
X-100; then incubated overnight at 4°C in alkaline
phosphatase-conjugated sheep antibodies to digoxigenin
diluted 1:1,000 in the same buffer containing 0.3% Triton
X-100. On the following day, the sections were rinsed
thoroughly and incubated in a chromogen solution con-
taining nitroblue tetrazolium (NBT) and 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) reagents (for details see
Esclapez et al., 1993).

The times in the chromogen solution were determined
according to two different protocols. In one series of exper-
iments, sections from control and pilocarpine-treated an-
imals were incubated in the chromogen solution until
optimal staining was achieved for VGAT mRNA and
VGLUT1 mRNA in each of the four animal groups (con-
trol, 1 week, 2 weeks, and chronic pilocarpine-treated
rats). Optimal staining was defined as a maximum num-
ber of specifically stained neurons (maximum sensitivity)
with a low background of general tissue staining. For
VGLUT1 probe, the optimal color-reaction times (5.5
hours) were similar for all sections from all animal groups
(control and pilocarpine-treated animals). For VGAT
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probe, the optimal color-reaction times were similar for all
sections belonging to the same animal group (control or
pilocarpine-treated animals) but very different between
sections from the control and the pilocarpine groups. The
optimal color-reaction times for hippocampal regions of
control animals were approximately 47 hours. Optimal
color-reaction times always were shorter (approximately
26 hours) for sections from all pilocarpine-treated ani-
mals, despite the fact that sections from control and pilo-
carpine animals were processed in parallel and under
identical experimental conditions. Levels of labeling, in
relation to the color-reaction times, have been discussed
previously and reflect differences in the relative amounts
of mRNA (Hoëltke and Kessler, 1990; Esclapez et al.,
1993; Esclapez and Houser, 1999). Neurons with higher
levels of mRNA are labeled after a shorter time in the
chromogen solution than neurons with lower levels of
mRNA, when all other conditions are the same (Esclapez
and Houser, 1999). A second series of experiments was
conducted to compare directly the differences in levels of
labeling for mRNA-containing neurons between the four
animal groups (control, one week, 2 weeks, and chronic
pilocarpine-treated animals). Sections from these groups
were incubated for identical times in the chromogen solu-
tion. Series of sections from control and pilocarpine-
treated animals that were processed identically were re-
moved from the chromogen solution at two time intervals
for each probe (e.g., 20 hours and 40 hours for VGAT; 2
hours and 5.5 hours for VGLUT1) to compare the labeling
intensities among sections from the four animal groups at
each interval.

The differences in the levels of labeling were determined
subsequently by qualitative analyses of the intensity of
the color-reaction product of VGAT mRNA- or VGLUT1
mRNA-containing hippocampal neurons. In all experi-
ments, the color reaction was stopped by rinsing the sec-
tions in 10 mM Tris HCl, pH 8.0, with 1 mM EDTA.
Sections were then mounted on gelatin-coated slides,
dried, and coverslipped in an aqueous mounting medium
(Crystal/Mount; Biomeda, Foster City, CA).

Immunohistochemistry

Primary antibodies. The polyclonal antiserum di-
rected against VGAT (anti-VGAT-N2) was generated by
immunization of rabbits with a fusion protein produced in
Escherichia coli from a construct coding for glutathion-S-
transferase (GST) and the C-terminal segment (amino
acid residues 508–525) of the VGAT transporter
(Chaudhry et al., 1998). The polyclonal antiserum directed
against VGLUT1 (anti-VGLUT1) was generated by immu-
nization of rabbits with a fusion protein produced in E. coli
from a construct coding for GST and the C-terminal seg-
ment (amino acid residues 493–560) of the VGLUT1 trans-
porter (Bellocchio et al., 1998). The specificities of the
ensuing sera were previously tested on immunoblots of
the whole rat brain sodium dodecyl sulfate (SDS) extracts
separated by SDS-PAGE and were shown to produce a
single band at the expected molecular weight of 50 kDa for
VGAT (Chaudhry et al., 1998) and 60 kDa for VGLUT1
(Bellocchio et al., 1998; Boulland et al., 2004).

For multiple immunofluorescence labeling experiments,
the VGLUT1 polyclonal antiserum used (AB 5907; Chemi-
con International, Temecula, CA) was generated by im-
munization of guinea pigs with a synthetic peptide (amino
acid residues 541–560 of the VGLUT1 transporter). This

antiserum labels a single band of 60 kDa molecular weight
on Western blot (manufacturer’s technical information;
Boulland and Chaudhry, unpublished data). The pattern
of immunohistochemical labeling obtained with the
guinea pig anti-VGLUT1 in rodent brain tissue was sim-
ilar to that obtained with the rabbit anti-VGLUT1 (Pers-
son et al., 2006; Bogen et al., 2006).

A monoclonal antibody directed against the glutamate
decarboxylase 65-kDa isoform (MAB 351R; Chemicon In-
ternational) was used to labeled axon terminals of
GABAergic neurons. This antibody was produced by a
GAD-6 hybridoma line obtained after immunization of a
mouse with rat brain GAD (Chang and Gottlieb, 1988). It
specifically recognizes a single band of 65 kDa on Western
blots (Chang and Gottlieb, 1988; Esclapez et al., 1994).

Single immunohistochemical labeling for VGLUT1

and VGAT. All free-floating sections were processed for
immunohistochemistry as previously described (Boulland
et al., 2002). Sections were first rinsed for 3 � 5 minutes
in PB, pretreated for 30 minutes in 1 M ethanolamine-HCl
(pH 7.4) in PB followed by 0.1% H2O2 prepared in PBS,
and rinsed for 20 minutes in Tris-buffered saline (TBS: 0.1
M Tris HCl, 0.3 M NaCl, pH 7.4). Sections were preincu-
bated for 1 hour at RT in TBS containing 0.1% Triton
X-100 and 10% newborn calf serum (NCS) and incubated
overnight at RT in primary polyclonal antiserum (1:1,000
for anti-VGAT-N2 or 1:3,000 for anti-VGLUT1) diluted in
TBS containing 0.1% (w/v) Triton X-100, 1% (v/v) NCS,
and 0.1% (w/v) NaN3. After these steps, sections were
rinsed for 20 minutes in the same buffer without NaN3;
incubated for 1 hour at RT in biotinylated donkey anti-
rabbit immunoglobulin G (IgG; RPN 1004; Amersham, GE
Healthcare, Oslo, Norway) diluted 1:100 in TBS contain-
ing 0.1% (w/v) Triton X-100, 1% (v/v) NCS; rinsed in the
same buffer for 20 minutes; and incubated for 1 hour at RT
with an streptavidin-biotinylated-horseradish peroxidase
complex (Amersham; 1:100) prepared in TBS containing
0.1% Triton X-100 (w/v), 1% (v/v) NCS. After 20-minute
rinses in 0.01 M PBS, pH 7.4, sections from control and
pilocarpine-treated rats were processed for the same time
(7 minutes) in 0.06% 3-3�-diaminobenzidine-HCl and
0.01% H2O2 diluted in PB. The sections were rinsed for 20
minutes in PBS, mounted between two coverslipped in
Glycerin Gelantin (Kaiser, chroma-gesellschaft; Chemi-
Teknik, Oslo, Norway).

The specificity of the immunohistochemical labeling
was tested for each primary antiserum or antibody 1) by
incubating some sections from control and pilocarpine-
treated animals in a solution containing rabbit, mouse, or
guinea pig normal IgG (Vector, Burlingame, CA), instead
of the primary antiserum or antibody, and 2) by incubat-
ing some sections in a solution omitting the primary an-
tiserum or antibody. No specific staining was detected
under these conditions.

Multiple immunofluorescence labeling for VGLUT1,

VGAT, and GAD65. Free-floating sections for control
and pilocarpine-treated animals were processed for immu-
nofluorescence as previously described (Boulland et al.,
2004). Sections were pretreated for 10 minutes in 1 M
ethanolamine-HCl (pH 7.4) in PB; rinsed for 20 minutes in
the same buffer; and incubated for 1 hour at RT in 10%
(v/v) normal goat serum (NGS), 3% (w/v) BSA, 0.5% (w/v)
Triton X-100, 0.05% (w/v) NaN3 diluted in TBS. Sections
were then incubated overnight at RT in a mixture of
VGAT antiserum (1:2,000), VGLUT1 antiserum (1:5,000),
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and GAD65 antibody (1:1,000) diluted in TBS containing
3% (v/v) NGS, 1% (w/v) BSA, 0.5% (w/v) Triton X-100,
0.05% (w/v) NaN3 (diluent solution). Sections were
washed for 3 � 5 minutes with the diluent solution and
incubated for 1 hour in the a mixture of Alexa 488 goat
anti-rabbit IgG (Molecular Probes, Eugene, OR; 1:1,000),
Alexa 568 goat anti-guinea pig IgG (Molecular Probes;
1:500), and Alexa 633 goat anti-mouse IgG (Molecular
Probes; 1:1,000) diluted in TBS containing 3% (v/v) NGS,
1% (w/v) BSA, 0.5% (w/v) Triton X-100. Sections were
rinsed for 3 � 5 minutes in PB and mounted on Fluoro-
mount G (Southern Biotechnology Associates, Birming-
ham, AL).

Immunohistochemical controls for triple-labeling exper-
iments included incubation of some sections in a mixture
of one primary antiserum (or antibody) and normal IgG
(rabbit/mouse normal IgG, guinea pig/mouse normal IgG
or guinea pig/rabbit normal IgG). In all cases, these sec-
tions displayed the same pattern of immunolabeling as
sections processed for single labeling.

Data acquisition

Sections from control and pilocarpine-treated animals,
processed for single-labeling immunohistochemistry or
nonradioactive in situ hybridization, were examined with
an Eclipse E800 light microscope (Nikon France S.A.S)
and photographed with a Nikon DMX 1200 digital camera
under the same conditions of light illumination, with the
microscope light source stabilized. Sections processed for
multiple immunofluorescence labeling were observed with
an Axioplan 2 and a Pascal 5 LSM laser scanning confocal
microscope (Zeiss). Image scans were obtained with a �63
oil-immersion lens. A pinhole, adjusted around 1 area
unit, was optimized for each laser wavelength to obtain
the same optical slice for each wavelength. Double-stained
terminals were determined in three dimensions to ensure
that the yellow staining observed was not due to a close
overlap between two terminals stained with different
dyes.

All photomicrographs were cropped and optimized by
making minor adjustments to level and contrast/
brightness curves to the entire image in Adobe Photoshop
CS2 for Macintosh (Adobe, San Jose, CA). The same ad-
justments were applied to photographs of sections from
control and pilocarpine-treated animals. Figure montages
were made in Adobe InDesign CS2.

RESULTS

Changes in VGLUT1 mRNA labeling in the
hippocampus of pilocarpine-treated rats

In control animals (n � 8/8), all principal cells of the
hippocampal formation were labeled for VGLUT1 mRNA,
including the pyramidal cells of the CA1, CA2, and CA3
regions of the hippocampus and the granule cells of the
dentate gyrus (Fig. 1A) as previously reported for rodents
(Fremeau et al., 2001; Miyazaki et al., 2003). In addition,
many nonprincipal cells were also labeled for VGLUT1
mRNA (Fig. 1A,C–E), including numerous neurons in the
hilus of the dentate gyrus with a large cell body (Fig. 1A,E)
that likely correspond to hilar mossy cells (Amaral, 1978;
Soriano and Frotscher, 1994; Buckmaster et al., 1996; Liu
et al., 1996; Wenzel et al., 1997) and a few neurons dis-
tributed within the dendritic layers of CA1–CA3. These

latter neurons that were located mainly in the stratum
lucidum of CA3 (Fig. 1C) and stratum radiatum of CA1
(Fig. 1D) likely correspond to, respectively, spiny nonpy-
ramidal neurons (Soriano and Frotscher, 1993) and giant
cells (Maccaferri and McBain, 1996; Gulyas et al, 1998).

The patterns of labeling were different in all
pilocarpine-treated animals (n � 21/21) at all time inter-
vals examined compared with control rats (Fig. 2). These
differences were characterized mainly by a marked de-
crease in the number of VGLUT1 mRNA-containing neu-
rons in the hilus of the dentate gyrus (Fig. 2C–H). These
data are consistent with the death of mossy cells, as pre-
viously suggested (Obenaus et al., 1993; Buckmaster et
al., 2002; Ferhat et al., 2003). This hilar cell loss con-
trasted with the good preservation of VGLUT1 mRNA-
containing dentate granule cells and CA1–CA3 pyramidal
cells (Fig. 2C–H) as well as VGLUT1 mRNA-labeled non-
principal cells present in the CA1–CA3 dendritic layers
(data not shown).

Surviving VGLUT1 mRNA-containing neurons (i.e.,
mostly principal neurons) in the hippocampal formation of
pilocarpine-treated rats did not exhibit marked differ-
ences in the levels of VGLUT1 mRNA labeling intensity
(Fig. 2C–H) compared with the levels in control animals
(Fig. 2A,B) at any color-reaction times examined [2 hours
(data not shown) and 5.5 hours (Fig. 2)]. Note that hilar
ectopic granule cells that have been described in
pilocarpine-treated animals (Parent et al., 1997, 2006;
Scharfman et al., 2000; McCloskey et al., 2006) did not
seem to display VGLUT1 mRNA.

Changes in VGLUT1 immunolabeling in the
hippocampus of pilocarpine-treated rats

In control animals (n � 8/8), the immunolabeling for
VGLUT1 was restricted mainly to axon terminals of glu-
tamatergic neurons, as reported previously for the hip-
pocampal formation of adult rats (Bellocchio et al., 1998;
Fremeau et al., 2001; Kaneko et al., 2002). Briefly, the
immunolabeling for VGLUT1 was characterized by diffuse
labeling distributed in the stratum oriens and stratum
radiatum of the CA1–CA3 area of the hippocampus, in the
molecular layer and in the hilus of the dendate gyrus, and
stratum lucidum (Fig. 3A). At higher magnification, this
labeling correspond to punctiform structures in the molec-
ular layer and in the hilus of the dentate gyrus (Fig.
3B).The labeling in CA1–CA3 neuropil corresponds to the
axon terminals of CA3 pyramidal cells, the Schaffer col-
laterals. The labeling in the outer two-thirds of the den-
tate molecular layer corresponds to the terminals of the
lateral and medial perforant path. The labeling in the
inner one-third represents primarily staining of the axon
terminals from the mossy cells located in the dentate
hilus. The labeling in the hilus and stratum lucidum cor-
responds mainly to mossy fiber terminals. No to very low
levels of labeling for VGLUT1 were observed in the pyra-
midal cell layer of the hippocampus and the granule cell
layer of the dentate gyrus as well as in stratum
lacunosum-moleculare of CA1 (Fig. 3).

The pattern of labeling for VGLUT1 was different in all
pilocarpine-treated animals (n � 21/21) at all time inter-
vals examined compared with that observed in control
rats. One (n � 6/6) and two weeks (n � 6/6) after pilo-
carpine injection, the main difference compared with con-
trol animals was observed in the molecular layer of the
dentate gyrus, consisting primarily of a massive decrease
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Fig. 1. Distribution of VGLUT1 mRNA-containing neurons in
coronal sections of the rat hippocampal formation. A: In a section
processed with antisense RNA probe, VGLUT1 mRNA is expressed in
all glutamatergic neurons of the hippocampal formation, including
the pyramidal cells (P) of CA1–CA3 regions, the granule cells (G) of
dentate gyrus, and mossy cells of the hilus (H). B: In a section
processed with sense RNA probe, faint nonspecific staining is ob-
served in the cell body layers of the hippocampus and dentate gyrus.
C–E: Higher magnifications of the CA3 (C), CA1 (D), and hilar (E)
regions of the section illustrated in A. C: The size and shape of

VGLUT1 mRNA-containing pyramidal cells and of neurons (arrow-
heads) distributed in the stratum lucidum (SL) of CA3 are evident.
D: In CA1, some VGLUT1 mRNA containing neurons (arrowheads)
are present in the stratum radiatum and likely correspond to gluta-
matergic giant cells. E: Numerous large and triangular VGLUT1
mRNA-containing cell bodies (arrowheads) are present in the hilus of
the dentate gyrus. These neurons likely correspond to glutamatergic
hilar mossy cells. LM, stratum lacunosum-moleculare; M, stratum
moleculare; O, stratum oriens; R, stratum radiatum. Scale bars � 500
�m in A (applies to A,B); 50 �m in E (applies to C–E).
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Fig. 2. Comparison of labeling for VGLUT1 mRNA in coronal
sections of the hippocampal formation from control (A,B) and
pilocarpine-treated rats at 1 week (C,D), 2 weeks (E,F), and 12 weeks
(G,H) processed for the same color reaction time. A,B: In a section
from a control rat, the pyramidal cell of CA1–CA3 region of the
hippocampus and granule cells and hilar mossy cells of the dentate
gyrus exhibit moderate to strong levels of labeling for VGLUT1
mRNA. C–H: In all sections from pilocarpine-treated animals at 1

week (C,D) 2 weeks (E,F) and chronic stage (G,H), a marked decrease
in the number of VGLUT1-containing mossy cells is observed in the
hilus (H) of the dentate gyrus. The levels of labeling in the pyramidal
cell (P) and granule cell (G) layers are similar to the levels observed in
control animals (compare C–H to A,B). LM, stratum lacunosum-mo-
leculare; M, stratum moleculare; O, stratum oriens; R, stratum radia-
tum. Scale bars � 500 �m in G (applies to A,C,E,G); 125 �m in H
(applies to B,D,F,H).



in the labeling intensity in the inner one-third of the
molecular layer (compare Fig. 3C–F with Fig. 3A,B). The
loss of labeling in this region contrasted with the preser-
vation of the labeling in the outer two-thirds of the molec-
ular layer. The overall laminar patterns of labeling for
VGLUT1 in the hilus of the dentate gyrus and in the
hippocampus were similar in control animals and in
pilocarpine-treated animals at both 1 and 2 weeks (com-
pare Fig. 3C–F with Fig. 3A,B). In some animals (1 week,
n � 3/6; 2 weeks, n � 4/6), an increase in the labeling
intensity was observed in the stratum lucidum, the mossy
fiber pathway (compare Fig. 3C,E with Fig. 3A).

The pattern of staining for VGLUT1 in all chronic
pilocarpine-treated animals (Fig. 3G,H) differed from that
found in pilocarpine-treated animals at 1 (Fig. 3C,D) and
2 (Fig. 3E,F) weeks and in control rats (Fig. 3A,B). All
chronic pilocarpine-treated animals (from 8 to 16 weeks
after pilocarpine injection, n � 9) displayed in contrast to
pilocarpine-treated rats at 1 and 2 weeks and control
animals a much higher level of labeling in the inner one-
third of the molecular layer than that in the outer two-
thirds (Fig. 3G,H). This level of staining appeared higher
than that observed in the inner molecular layer of control
animals (Fig. 3B) and contrasted with the almost complete
loss of labeling observed in pilocarpine-treated rats at 1
and 2 weeks (Fig. 3D,F). In the chronic pilocarpine-treated
animals, mossy-fiber-like terminals were present in this
inner one-third of the molecular layer (Fig. 3H).

In addition to this distinct change in the pattern of
labeling in the molecular layer of the dentate gyrus, a
strong increase in the labeling intensity was consistently
observed in the stratum lucidum and all dendritic layers
of the CA1–CA3 hippocampal regions in chronic
pilocarpine-treated rats (Fig. 3G; n � 9/9). The increased
level of labeling intensity in the CA1–CA3 dendritic layers
was not observed in pilocarpine-treated animals at 1 and
2 weeks (Fig. 3C,E).

Changes in VGAT mRNA labeling in the
hippocampus of pilocarpine-treated rats

In control animals (n � 8/8), when sections were incu-
bated for optimal color-reaction time (47 hours), neurons
labeled for VGAT mRNA were distributed through all
layers of the hippocampal formation (Fig. 4B), as previ-
ously reported (McIntire et al., 1997; Sagné et al., 1997).
Such a pattern was very similar to that of GAD mRNA-
containing neurons in the hippocampus (Houser and Es-
clapez, 1994; Esclapez and Houser, 1999). The pyramidal
cell and dentate granule cell layers displayed a low level of
nonspecific staining (Fig. 4B), since similar labeling was
observed with sense control probe (compared Fig. 4B with
Fig. 4A).

After optimal color-reaction time (26 hours), the pat-
terns of labeling were different in all pilocarpine-treated
animals (n � 21/21) at all time intervals examined (Figs.
4C,D, 5B–D) compared with that observed in control rats
(Fig. 4B). A marked decrease in the number of VGAT
mRNA-containing neurons was observed in the hilus of
the dentate gyrus (compare Fig. 4B with Figs. 4C,D, 5B–
D). This finding is consistent with the cell death of GAD-
containing neurons, previously demonstrated by Obenaus
et al. (1993) in this model.

In addition, all pilocarpine-treated animals exhibited
marked differences in the intensity of labeling for VGAT
mRNA compared with control animals, when sections

were incubated for the same color-reaction times. Such
increases were quite prominent, and the clearest indica-
tion of these increases was provided when sections were
processed for a shorter time (20 hours) in the chromogen
solution (Fig. 5). In sections from control animals, VGAT
mRNA-containing neurons were detected within the hip-
pocampal formation, but these neurons were only lightly
labeled for VGAT mRNA (Fig. 5A). In sections from
pilocarpine-treated rats, surviving VGAT mRNA-
containing neurons within the hippocampal formation,
including those along the inner border of the granule cell
layer and the remaining neurons in the deep hilus, were
labeled distinctly, and virtually all of these neurons ex-
hibited a strong level of labeling (Fig. 5B–D).

After longer color-reaction times (40 hours), differences
in the levels of labeling among sections from pilocarpine-
treated and control rats also were observed (compare Fig.
6A with Fig. 6B–D). However, these differences were less
marked than when sections were processed for a shorter
time in the chromogen solution. In sections from control
rats, after the longer incubation time, virtually all labeled
neurons in the hippocampus and dentate gyrus displayed
an intense reaction product for VGAT mRNA (Fig. 6A),
and this level of labeling clearly was higher than that in
sections processed for only 20 hours in the chromogen
solution (compare Fig. 6A with Fig. 5A). In sections from
all pilocarpine-treated animals, the entire population of
labeled neurons within the hippocampal formation exhib-
ited very strong levels of labeling for VGAT mRNA (Fig.
6B–D). The intensities of labeling of VGAT mRNA-
containing neurons were higher than those observed at
shorter (20 hours) color-reaction times (compare Fig.
6B–D with Fig. 5B–D). Despite the strong labeling ob-
served in all sections, labeling intensities of VGAT mRNA-
containing neurons in control animals were lower than
those in pilocarpine-treated animals (compare Fig. 6A
with Fig. 6B–D).

Increases in immunohistochemical labeling
for VGAT in pilocarpine-treated rats

In control animals (n � 8/8), VGAT immunolabeling was
present in all layers of the hippocampal formation (Fig.
7A,B), in agreement with previous reports (Chaudhry et
al., 1998). This labeling corresponds to axon terminals of
GABAergic interneurons (Chaudhry et al., 1998) and was
concentrated most highly within the pyramidal cell layer
of the hippocampus and in the outer part of the granule
cell layer of the dentate gyrus (Fig. 7B). Furthermore,
extensive fields of VGAT-containing terminals were ob-
served within the dendritic layers of the hippocampal
formation. High densities of VGAT immunolabeling were
present in the outer one-third of the molecular layer of the
dentate gyrus and at the border between the stratum
lacunosum-moleculare and the stratum radiatum of the
hippocampus, whereas lower densities of VGAT immuno-
labeling were observed in the other layers (Fig. 7A,B). In
the hippocampal formation, the pattern of distribution for
VGAT-containing terminals is similar to that of GAD65-
and GAD67-containing terminals (Houser and Esclapez,
1996; Esclapez and Houser, 1999), except for the mossy
fibers terminals, which were labeled for GAD67 (Schwar-
zer and Sperk, 1995; Sloviter et al., 1996) but not for
GAD65 (Houser and Esclapez, 1996; Esclapez and Houser,
1999) and not for VGAT (Chaudhry et al., 1998; Sperk et
al., 2003) as reported previously.
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In all pilocarpine-treated rats at 1 week (n � 6/6) and 2
weeks (n � 6/6), a clear increase in the labeling of VGAT-
containing axon terminals was observed in virtually all
regions of the hippocampal formation (Fig. 7C–E). The
increased labeling was particularly striking in the stra-
tum lacunosum-moleculare and in the inner one-third of
the molecular layer of the dentate gyrus. In this inner part
of the molecular layer, the levels of labeling were in-
creased to a much greater extent than in the middle part
of the molecular layer (Fig. 7C–F). Except for differences
in the levels of immunoreactivity, the overall laminar
patterns of labeling for VGAT-containing terminals were
similar in pilocarpine-treated at 1 and 2 weeks and in
control rats.

The labeling for VGAT in all chronic pilocarpine-treated
animals (n � 9/9; Fig. 7G,H) differed from that found in
pilocarpine-treated animals at 1 and 2 weeks (Fig. 7C,F) and
in control rats (Fig. 7A,B). Chronic pilocarpine-treated ani-
mals displayed a much higher level of labeling in all layers of
the hippocampus and dentate gyrus than did pilocarpine-
treated rats at 1 and 2 weeks (Fig. 7C,E,G) or control ani-
mals (Fig. 7A). In addition, the laminar pattern of labeling in
the molecular layer of the dendate gyrus in chronic
pilocarpine-treated animals (Fig. 7G,H) differed strongly
from the patterns observed in pilocarpine-treated rats at 1
(Fig. 7C,D) and 2 weeks (Fig. 7E,F) and in control rats (Fig.
7A,B). In chronic pilocarpine animals, the level of labeling in
the outer two-thirds of the molecular layer was comparable
to that in the inner one-third (Fig. 7C,D).

Simultaneous detection of VGLUT1, VGAT,
and GAD65

For pilocarpine-treated animal, we reported increased
immunohistochemical labeling for VGLUT1 and VGAT in
the inner molecular layer of the dentate gyrus. To deter-
mine whether such an increase involved the same or
different populations of terminals, we performed simul-
taneous detection of the two transporters. In all
chronic pilocarpine-treated animals (n � 9/9), numerous

VGLUT1-labeled terminals were observed in the inner
molecular layer of the dentate gyrus (Fig. 8A,D) but none
of them contained VGAT (Fig. 8B,D) or GAD65 (Fig.
8C,D). Virtually, all VGAT-labeled terminals coexpressed
GAD65, including terminals surrounding granule cells so-
mata (Fig. 8B–D).

DISCUSSION

This study demonstrates that, during epileptogenesis
induced by pilocarpine, the intrinsic glutamatergic and
GABAergic neuronal networks differ with respect to the
type and the time course of their reorganizations. The
reorganization of surviving GABAergic neurons is charac-
terized mainly by an up-regulation of VGAT at the mRNA
and protein levels, which likely reflects an increased pre-
synaptic activity. This presynaptic plasticity of the
GABAergic neurotransmission occurs as early as the be-
ginning of the latent period and persists during the
chronic stage. The reorganization of the glutamatergic
principal neurons is characterized by an increase of
VGLUT1-containing terminals that corresponds mainly to
axonal sprouting and aberrant synaptogenesis. This struc-
tural reorganization occurred at the chronic stage. Fur-
thermore, our data strongly support and confirm cell
death of vulnerable subpopulations of glutamatergic and
GABAergic neurons. Death of both types of neuron occurs
during the latent period.

Methodological considerations

Our data demonstrate that, within the hippocampal
formation, the intensities of labeling for VGAT mRNA-
containing neurons were consistently stronger in
pilocarpine-treated rats than in control animals. We view
these findings as an indication of increased levels of VGAT
mRNAs in the hippocampal GABA neurons of pilocarpine-
treated rats. This interpretation is consistent with previ-
ous biochemical studies, which have shown that differ-
ences in the intensity of labeling with nonradioactive
hybridization methods reflect differences in the relative
amounts of mRNA among neurons, just as different con-
centrations of silver grains, when using radioactive meth-
ods, indicate different amounts of mRNA (Hoëltke and
Kessler, 1990; Esclapez et al., 1993, Esclapez and Houser,
1999). Such differences between control and pilocarpine-
treated animals are not observed with VGLUT1 mRNA.
These findings argue against the suggestion that differ-
ences in labeling intensities between the control and the
pilocarpine-treated rats, observed for VGAT mRNA, re-
flect variability of labeling resulting from differences in
tissue properties. They further support that differences in
neuronal labeling observed with nonradioactive in situ
hybridization among sections from control and
pilocarpine-treated rats reflect differences in relative level
of mRNA. However, as previously discussed (Esclapez and
Houser, 1999), because the enzymatic and immunohisto-
chemical methods for mRNA detection are not linear re-
actions, relative levels of mRNA can not be related directly
to absolute concentrations of mRNA without confirmation
with isotopic methods. Nevertheless, the present study
confirms that nonradioactive in situ hybridization tech-
nique can be use to estimate differences in relative level of
mRNA.

Fig. 3. Comparison of immunohistochemical labeling for VGLUT1
in coronal sections of the hippocampal formation from control (A,B)
and pilocarpine-treated animals at 1 week (C,D), 2 weeks (E,F), and
12 weeks (G,H). A,B: In a control rat, immunolabeling for VGLUT1,
which is concentrated in axon terminals of the intrinsic glutamatergic
network, includes fine punctiform structures distributed uniformly in
the stratum oriens (O) and stratum radiatum (R) of the CA1–CA3
area of the hippocampus and in the molecular layer (M) of the dendate
gyrus (DG), as well as in the hilus (H) and stratum lucidum (SL). C–F:
In pilocarpine-treated rats at 1 (C,D) and 2 weeks (E,F), VGLUT1
immunoreactivity is strongly decreased in the inner zone of the mo-
lecular layer (IM), whereas the pattern and intensity of labeling in the
other hippocampal layers are similar to those of a control rat. G,H: In
pilocarpine-treated rats at 12 weeks, VGLUT1 immunoreactivity is
increased in the IM of the DG, concentrated in terminal-like struc-
tures (arrowheads), compared with control (A,B) animals and
pilocarpine-treated rats at 1 (C,D) and 2 weeks (E,F). Such terminals
likely represent mossy fiber terminals known to establish aberrant
connections in this region. An increased VGLUT1 immunoreactivity is
observed in the dendritic layers of CA1–CA3 hippocampal region.
Such an increase could represent sprouting of pyramidal cell axons. G,
granule cell layer; H, hilus of dentate gyrus; IM, inner molecular
layer; LM, stratum lacunosum-moleculare; M, stratum moleculare; O,
stratum oriens; P, stratum pyramidale; R, stratum radiatum. Scale
bars � 500 �m in G (applies to A,C,E,G); 50 �m in H (applies to
B,D,F,H).
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VGLUT1, a marker of vulnerability and
reorganization of the intrinsic hippocampal
glutamatergic network during development

of pilocarpine-induced epilepsy

For the pilocarpine model of temporal lobe epilepsy, we
report a striking decrease of VGLUT1 mRNA-containing
cell bodies in the hilus of the dentate gyrus during the
latent period, which persists during the chronic stage.
Such a decrease is associated with a loss of VGLUT1-
containing terminals in the inner one-third of the molec-
ular layer of the dentate gyrus, clearly observed during
the latent period (1 and 2 weeks after pilocarpine injec-
tion). In the hippocampal formation, VGLUT1 is ex-
pressed specifically in the glutamatergic neurons and
their axon terminals (Bellocchio et al., 1998; Fremeau et
al., 2001). Therefore, our results for VGLUT1 in
pilocarpine-treated animals clearly demonstrate the loss
of a population of glutamatergic hilar neurons, the axons
of which project in the inner one-third of the molecular
layer, i.e., the mossy cells (Soriano and Frotscher, 1994).
This cell loss that occurred after the status epilepticus
likely corresponds to the neuronal death of these neurons,
insofar as it is still observed several months later. Indeed,
mossy cells have been considered to be, with hilar
GABAergic neurons, the first neuronal populations to die
in experimental models of temporal lobe epilepsy (Nadler
et al., 1980; Sloviter and Nilaver, 1987; Cavazos and
Sutula, 1990; Sloviter et al., 2003), including the pilo-
carpine model (Obenaus et al., 1993; Houser and Esclapez,
1996; Buckmaster et al., 2002; Ferhat et al., 2003). The
notion of their vulnerability is based on studies showing 1)
degenerating axon terminals in the inner molecular layer
(Obenaus et al., 1993), 2) loss of synaptophysin-containing
terminals in the inner molecular layer (Ferhat et al.,
2003), 3) degenerating cell bodies in the hilus of the den-
tate gyrus (Obenaus et al., 1993; Dinocourt et al., 2003),
and 4) loss of glutamate receptor-2-labeled cell bodies in
the hilus (Sloviter et al., 2003). However, these markers
are not specific for mossy cells or glutamatergic neurons
and their axon terminals. The concept of highly vulnerable
mossy cells has been questioned based on intracellular
recordings of remaining mossy cells after pilocarpine-
induced seizures (Scharfman et al., 2001; for review see
Sloviter et al., 2003). Our data directly establish that

glutamatergic mossy cells degenerate in the pilocarpine-
treated rat and that such neuronal death occurs at the
beginning of the latent period, in parallel with the neuro-
nal loss of hilar GABAergic cells. Vulnerability of hilar
GABAergic neurons, first demonstrated in this model by
Obenaus et al. (1993), is confirmed in this study by the
marked loss in the number of VGAT mRNA-containing
hilar neurons that occurs after status epilepticus and per-
sists 16 weeks later.

The subsequent overshooting recovery of VGLUT1 im-
munoreactivity in the inner molecular layer of the dentate
gyrus, starting 2 weeks after pilocarpine injection and
massive at the chronic stage, likely is due to the progres-
sive sprouting of mossy fibers, the axons of glutamatergic
granule cells. This hypothesis is supported by the gluta-
matergic properties of these terminals, which were not
labeled for VGAT and GAD65. Such sprouting has been
extensively described in experimental model of temporal
lobe epilepsy (Cronin and Dudek, 1988; Represa et al.,
1993; Buckmaster and Dudek, 1997; Sutula et al., 1998;
Wenzel et al., 2000), including in the pilocarpine model
(Mello et al., 1993; Okazaki et al., 1995; Buckmaster et al.,
2002), and is thought to result in the establishment of
functional excitatory synaptic boutons on granule cell den-
drites (Wuarin and Dudek, 1996, 2001; Molnar and Na-
dler, 1999; Lynch and Sutula, 2000; Buckmaster et al.,
2002; Scharfman et al., 2003).

It has been hypothesized that mossy cell death, and the
consequent loss of its projections to the inner molecular
layer, would vacate synaptic contacts on granule cell den-
drites and interneurons and thus trigger inappropriate
sprouting of mossy fibers into that region (Cavazos and
Sutula, 1990; Houser et al., 1990; Babb et al., 1991; Ma-
sukawa et al., 1997). The temporal profile of changes for
VGLUT1-containing terminals in the inner molecular
layer during the development of pilocarpine-induced epi-
lepsy supports such a hypothesis.

In addition to the vulnerability of mossy cells and reor-
ganization of mossy fibers, illustrated by loss and regain of
VGLUT1 immunoreactivity in the inner molecular layer,
our data show an increase in the immunoreactivity of
VGLUT1-containing terminals in all dendritic layers of
the CA1–CA3 hippocampal regions in chronic pilocarpine-
treated animals. Such an increase is not present in
pilocarpine-treated animals at 1 and 2 weeks. The in-
creased levels of immunoreactivity at the chronic stage
presumably reflect increased levels of VGLUT1 protein in
the terminals. However, the observed increase is not as-
sociated with an up-regulation of VGLUT1 mRNA and
thus may not correspond to a substantial increase in the
production of VGLUT1. A more likely alternative expla-
nation for such increased levels of VGLUT1 immunoreac-
tivity in the hippocampus of pilocarpine-treated animals
is an increase in the density (number) of VGLUT1-
containing terminals. Indeed, an axonal sprouting of
CA1–CA3 pyramidal cells has been described in the
chronic pilocarpine-treated animals (Esclapez et al., 1999;
Lehmann et al., 2001), and these newly formed glutama-
tergic nerve endings are functional (Esclapez et al., 1999).

Therefore, the increased levels of VGLUT1 immunore-
activity strongly reflect the reorganization of the glutama-
tergic principal neurons characterized by the sprouting of
glutamatergic fibers and associated neosynaptogenesis.
Furthermore, our results demonstrate that such axonal

Fig. 4. Distribution of VGAT mRNA-containing neurons in coronal
sections of the rat hippocampus from control and chronic pilocarpine-
treated rats processed for optimal color reaction times. A: In a section
processed with sense RNA probe and developed 47 hours in the
chromogen reaction, only faint, nonspecific staining is observed in the
pyramidal and granule cell layers (G). B: In a section of a control rat
processed with antisense RNA probe and developed 47 hours in the
chromogen reaction, VGAT mRNA-containing cell bodies are distrib-
uted in all layers of the dentate gyrus and of the hippocampus. Many
labeled neurons are evident throughout the stratum oriens (O), the
pyramidal cell layer (P), the stratum radiatum (R), the molecular
layer (M), and the hilus (H) of the dentate gyrus. C,D: In sections of
a 1-week (C) and a chronic (D) pilocarpine-treated rat processed with
antisense RNA probe and developed at 26 hours in the chromogen
reaction, many VGAT mRNA-containing neurons are evident
throughout all layers of the dentate gyrus and CA1–CA3. The number
of VGAT mRNA-containing neurons in the hilus of the dentate gyrus
is reduced compared with control animals (compare C with B). LM,
stratum lacunosum-moleculare. Scale bar � 125 �m.
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Fig. 5. Comparison of labeling for VGAT mRNA in coronal sec-
tions of the hippocampal formation from control (A) and pilocarpine-
treated rats at 1 week (B), 2 weeks (C), and 12 weeks (D) processed for
the same short color-reaction time (20 hours). A: Section from a
control animal, processed for a short time in the chromogen solution.
Under this condition, only very few and faintly labeled VGAT mRNA-
containing interneuron cell bodies are detected in the hippocampus
and dentate gyrus compared with sections processed for longer color-
reaction time (compare with Figs. 4A, 6A). B–D: In sections from
pilocarpine-treated rats, processed for the same short color-reaction

time, many VGAT mRNA-containing neurons are evident throughout
all layers of the dentate gyrus and CA1–CA3. These neurons exhibit
moderate to strong levels of labeling for VGAT mRNA. Differences in
the level of labeling are particularly striking between control animals
and all pilocarpine-treated rats. Levels of labeling in pilocarpine-
treated rats are clearly higher than those in control rats (compare
B–D with A). G, granule cell layer; LM, stratum lacunosum-molecu-
lare; M, stratum moleculare; O, stratum oriens; P, stratum pyrami-
dale; R, stratum radiatum. Scale bar � 125 �m.
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Fig. 6. Comparison of labeling for VGAT mRNA in coronal sec-
tions of the hippocampal formation from control (A) and pilocarpine-
treated rats at 1 week (B), 2 weeks (C), and 12 weeks (D) processed for
the same long color-reaction time (40 hours). A: In a section from a
control rat processed for 40 hours, virtually all labeled neurons in the
hippocampus and dentate gyrus display a strong reaction product for
VGAT mRNA. This level of labeling clearly is higher than that in
sections processed for 20 hours in the chromogen solution (compare
with Fig. 5A). B–D: In sections from all pilocarpine-treated animals,

the entire population of labeled neurons within the hippocampal
formation exhibits very high levels of labeling for VGAT mRNA. The
intensities of labeling of VGAT mRNA-containing neurons are higher
than those observed at shorter (20 hours) color-reaction times (com-
pare with Fig. 5B–D). Levels of labeling in pilocarpine-treated rats
are still clearly higher than those in control rats (compare B–D with
A). G, granule cell layer; LM, stratum lacunosum-moleculare; M,
stratum moleculare; O, stratum oriens; P, stratum pyramidale; R,
stratum radiatum. Scale bar � 125 �m.
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reorganization of dentate granules cells and CA1–CA3
pyramidal cells develops during the chronic stage.

VGAT changes may reflect changes in the
activity of the hippocampal GABAergic

network during development of pilocarpine-
induced epilepsy

Our results demonstrate, as early as 1 week after pilo-
carpine injection, a long-term increase in the immunola-
beling of VGAT-containing terminals in all layers of the
hippocampal formation. Our interpretation of this finding
is that the increased levels of immunoreactivity reflect
increased concentrations of VGAT in the terminals result-
ing from increased VGAT synthesis. This interpretation is
based on the fact that we observed a strong parallel be-
tween the increased intensity of labeling for VGAT and
increased levels of VGAT mRNA in all remaining inter-
neurons. However, we cannot exclude the possibility that
the increased levels of VGAT immunoreactivity in the
hippocampal formation of pilocarpine-treated animals

Fig. 8. Simultaneous detection of VGLUT1, VGAT, and GAD65 in
the inner molecular layer of the dentate gyrus in a coronal section of
a chronic pilocarpine-treated rat. A: In the chronic pilocarpine animal,
numerous VGLUT1-containing terminals (blue) are present in the
inner molecular layer (IM) of the dentate gyrus. B,C: Numerous
VGAT-containing (B, green) and GAD65-containing (C, red) terminals
are observed in the same region. D: Merge of VGLUT1 (blue), VGAT

(green), and GAD65 (red). No colocalization between VGLUT1 and
VGAT or VGLUT1 and GAD65 is detected (would be white). In con-
trast, virtually all VGAT-labeled terminals contain GAD65 (yellow-
orange), including terminals surrounding the soma of granule cells
(asterisks). Insets illustrate, at high magnification, a terminal singly
labeled for VGLUT1 (open arrowhead) and a terminal doubly labeled
for VGAT and GAD65 (solid arrowhead, yellow). Scale bar � 10 �m.

Fig. 7. Comparison of immunohistochemical labeling for VGAT in
coronal sections of the hippocampal formation from control (A,B) and
pilocarpine-treated animals at 1 week (C,D), 2 weeks (E,F), and 12
weeks (G,H). A,B: In a control rat, immunoreactivity for VGAT, which
is concentrated in axon terminals of GABAergic neurons, is present in
cell body layers as well as in all dendritic regions of the hippocampal
formation. C–F: In pilocarpine-treated rats at 1 and 2 weeks, VGAT
immunoreactivity is increased in all layers of the hippocampus, in-
cluding the stratum oriens (O), stratum pyramidale (P), stratum
radiatum (R), and stratum lacunosum-moleculare (LM), as well as in
the molecular layer (M) of the dentate gyrus (DG). Labeling is in-
creased to a greater extent in the inner molecular layer (arrowheads)
than in the middle molecular layer (MM). G,H: In a pilocarpine-
treated animal at 12 weeks, the levels of labeling in all layers of the
hippocampus and dentate gyrus are higher than those in pilocarpine-
treated rats at 1 week (C,D) and in control animals (A,B). The level of
labeling in the outer two-thirds of the molecular layer is higher than
that observed in pilocarpine-treated rats at 1 and 2 weeks. Scale
bars � 500 �m in G (applies to A,C,E,G); 20 �m in H (applies to
B,D,F,H).

The Journal of Comparative Neurology. DOI 10.1002/cne

481CHANGES IN VGLUT1 AND VGAT IN PILOCARPINE-TREATED RATS



could in part reflect an increase in the number of VGAT-
containing terminals. In pilocarpine-treated animals, the
levels of labeling for VGAT are increased in all regions of
the hippocampal formation, including in the inner one-
third of the molecular layer and in the lacunosum-
moleculare. These differences could reflect an increase in
the numbers of terminals in these regions because of a
possible axonal sprouting of some surviving GABA neu-
rons. Axonal sprouting has been suggested by previous
immunohistochemical studies on the kainate model and
human temporal lobe epilepsy tissue (Davenport et al.,
1990; Mathern et al., 1995; Wittner et al., 2002). It is
difficult at present to distinguish axonal reorganization of
remaining GABA neurons from increased levels of VGAT
in existing terminals, and both types of changes may occur
in the pilocarpine-treated animals. However, a main ar-
gument in favor of the increased levels of VGAT in exist-
ing terminals rather than axonal sprouting from remain-
ing GABAergic neurons is that we observed this increased
in all hippocampal formation, including in two layers in
which a loss of GABAergic terminals has been described:
the stratum lacunosum-moleculare of CA1 and the outer
molecular layer of the dentate gyrus. These losses are due,
respectively, to the cell death of a subpopulation of
GABAergic neuron in the stratum oriens of CA1, the ax-
ons of which project specifically in the stratum lacunosum-
moleculare (O-LM cells; Cossart et al., 2001; Dinocourt at
al., 2003), and to the loss of a subpopulation of hilar
GABAergic neurons, the axons of which project specifi-
cally in the outer molecular layer of the dentate gyrus
(HICAP cells; Obenaus et al., 1993; Kobayashi and Buck-
master, 2003). A similar increased labeling for GAD67-
and GAD65-containing terminals correlated with in-
creased levels of GAD mRNA in interneurons has been
described also in these regions in chronic pilocarpine-
treated animals (Esclapez and Houser, 1999). Together,
these data support a generally increased synthesis of pro-
teins related to the GABAergic neurotransmission rather
than axonal sprouting.

Functional implication of VGLUT1 and
VGAT reorganizations

Our results strongly support an increased synthesis of
VGAT that occurs after status epilepticus and persists
until the chronic stage. This increased synthesis is likely
to lead to an increased presynaptic performance of the
GABAergic transmission. Indeed, it has been demon-
strated that the expression levels of vesicular transporters
regulate the amounts of neurotransmitter in synaptic ves-
icles and the efficiency of the neurotransmission. For ex-
ample, it is known that overexpression or deletion of
VGLUTs leads to an increase or decrease, respectively, in
intravesicular transmitter content (Fremeau et al., 2004;
Wojcik et al., 2004) and that deletion of VGAT leads to a
decrease in intravesicular transmitter, leading to a drastic
reduction of neurotransmitter release and synaptic trans-
mission (Wojcik et al., 2006). Therefore, an increased syn-
thesis of VGAT is likely to lead to an increased GABA
release from all remaining GABAergic interneurons. Such
increased GABA release has been previously suggested in
several studies that demonstrate increased expression
levels of the two GABA-synthesizing enzymes, GAD65 and
GAD67, in chronic pilocarpine-treated animals (Esclapez
and Houser, 1999). In vitro biochemical studies have dem-
onstrated a strong functional and structural coupling be-

tween the synthesis of GABA by membrane-associated
GAD (mainly GAD65) and its packaging into synaptic
vesicles by VGAT. VGAT forms a protein complex with
GAD on the synaptic vesicle. The formation of this com-
plex ensures an efficient coupling between GABA synthe-
sis and packaging into the synaptic vesicles. Furthermore,
the studies demonstrate that the activities of synaptic
vesicle-associated GAD and VGAT are coupled; indeed,
inhibition of GAD decreases VGAT activity (Jin et al.,
2003). The demonstration of increased expression for both
VGAT (present study) and GAD (Esclapez and Houser,
1999) in remaining interneurons of pilocarpine-treated
rats further supports a coregulation of these proteins in
vivo.

Such increased expression of proteins involved in pre-
synaptic GABAergic transmission could be associated
with increased physiological activity of remaining inter-
neurons. This hypothesis is supported by electrophysiolog-
ical studies showing that, in chronic pilocarpine-treated
animals, interneurons are hyperactive. Spontaneous in-
terictal activity has been recorded in interneurons (Escla-
pez et al., 1997; Hirsch et al., 1999; Cossart et al., 2001),
and the spontaneous firing frequencies of interneurons
are higher in chronic pilocarpine-treated animals than in
control rats (Cossart et al., 2001). This increased activity
of remaining interneurons is likely already to occur during
the latent period, as reported in the pilocarpine (El-
Hassar et al., 2007) and kainate (Shao and Dudek, 2005)
models. Such a response from remaining interneurons has
been suggested to reflect an adaptive mechanism to com-
pensate for the loss of hilar and stratum oriens CA1 in-
terneurons in order to prevent an excessive firing of the
principal cells. However, remaining interneurons are un-
likely to provide precisely the same types of controls as the
original population. Indeed, electrophysiological studies
have demonstrated that, despite the increased activity of
remaining interneurons, a decreased inhibition is present
in the distal dendrites of principal cells (Cossart et al.,
2001; Kobayashi and Buckmaster, 2003; El-Hassar et al.,
2007). Therefore, this change is not sufficient to compen-
sate for the loss of interneurons projecting on the distal
dendrites of principal cells.

Our present data further demonstrate that the reorga-
nization of remaining GABAergic neurons characterized
by increased GABAergic presynaptic activity occurs at the
beginning of the latent period, when the animals are free
of electroclinical seizures, and not only at the chronic
stage, when the animals display spontaneous recurrent
seizure. This is an intriguing observation, which suggests
that the surviving GABAergic interneurons in the hip-
pocampal formation are already hyperactive during the
latent period, when the reorganization of glutamatergic
pathways, including axonal sprouting of granule cells and
CA1–CA3 pyramidal cells, is not yet established. Such
observations suggest that, during the latent period, in-
creased activity of interneurons does not result from an
increase of action-potential-dependent excitatory inputs
resulting from axonal sprouting of hippocampal principal
cells as suggested at the chronic stage (Cossart et al.,
2001). This could reflect an enhanced activity within the
glutamatergic pathways that target remaining GABAer-
gic interneurons, including the perforant path, Schaffer
collateral from CA3 pyramidal cells, and mossy fibers from
dentate granule cells. Such enhanced activity of these
glutamatergic pathways has been suggested to occur al-
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ready during the latent period and lead to increased
frequency of spontaneous excitatory postsynaptic cur-
rents (EPSCs) recorded on CA1 pyramidal cell dendrites
at this stage (El-Hassar et al., 2007). Analysis of EPSCs
and action-potential-independent excitatory currents
(mEPSC) on interneurons during the latent period
would help to resolve this issue.

Another intriguing observation is that, in contrast to
remaining GABAergic interneurons, glutamatergic prin-
cipal cells do not display an increase of VGLUT1 synthesis
in pilocarpine-treated animals, including at the chronic
stage (see above). These data suggest that, in vivo, in-
creased physiological activity might not regulate expres-
sion levels of VGLUT1 mRNA. Such a difference between
the regulations of the VGAT and VGLUT1 expression
levels has been reported in other pathological condition in
which neuronal excitability is modified, e.g., focal isch-
emia induced in rat brain (Vemuganti, 2005). All these
observations further support clear differences between
glutamatergic and GABAergic synaptic transmission re-
garding the release of a vesicular transmitter pool and its
regulation by physiological activity (Moulder and Menner-
ick, 2005; Moulder et al., 2006). These observations sug-
gest that glutamate release may be subject to greater
restraint than GABA release, a mechanism by which neu-
rons can limit the damaging (excitotoxic) effect of gluta-
mate.

Finally, a dual glutamate and GABA phenotype of den-
tate granule cells has been proposed based on activity-
dependent up-regulation of VGAT mRNA in the dentate
gyrus and mossy fibers synaptosomes in the kindling
model (Lamas et al., 2001). Our data do not provide a basis
for speculation that granule cells might have a dual
glutamate-GABA phenotype in epileptic animals. Indeed,
we do not observe VGAT expression (mRNA and protein)
in dentate granule cells of pilocarpine-treated animals, in
keeping with the data reported for the kainate model
(Sperk et al., 2003). In these two models, spontaneous
seizures do not induce any VGAT expression in granule
cells.

CONCLUSIONS

This study on the localization and regulation of
VGLUT1 and VGAT demonstrates that the glutamatergic
and GABAergic networks display different types and time
courses of reorganizations during development of
pilocarpine-induced temporal lobe epilepsy. During the
latent period, when the animals are still free of spontane-
ous electroclinical seizures, the hippocampal formation
already displays a marked reorganization of the intrinsic
glutamatergic and GABAergic networks, including a loss
of vulnerable glutamatergic and GABAergic neurons and
a striking increase in GABAergic presynaptic transmis-
sion of all remaining interneurons. These changes precede
the structural reorganization of glutamatergic networks
and the emergence of spontaneous seizures.
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