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Introduction

SUMMARY

Aims: Mounting evidence showed that GABAergic interneurons play an important role in
the generation of seizures by regulating excitatory/inhibitory balance in the hippocampus;
however, there is a continuous debate regarding the alteration in the number of hippocam-
pal GABAergic interneurons during epileptogenesis. Here, we investigated the degeneration
and regeneration of GABAergic interneurons in the dentate gyrus during epileptogenesis
using glutamic acid decarboxylase-green fluorescence protein (GAD67-GFP) knock-in mice.
Methods and Results: Pentylenetetrazol (PTZ)-induced chronic kindling model and lith-
ium-pilocarpine-induced status epilepticus (SE) model were used in this study. We found a
progressive loss of GABAergic interneurons in the dentate gyrus during post-SE epilepto-
genesis rather than PTZ kindling. Both types of epileptogenic insults significantly promoted
the proliferation of neural progenitor cells in the dentate gyrus; however, compared to 80%
neuronal differentiation ratio in the control group, there was a remarkable decrease in PTZ
kindling and pilocarpine models, that is 58% and 29%, respectively. Double/triple immu-
nofluorescence labeling revealed no newborn neurons colabeled with GFP in both intact
and epileptic dentate gyrus. In addition, valproate (a first-line antiepileptic drug) treatment
prevented the loss of GABAergic interneurons but still failed to induce the regeneration
of GAD67-positive interneurons in the dentate gyrus during post-SE epileptogenesis.
Conclusions: These results indicate that degeneration of GABAergic interneurons may
depend on the type of epileptogenic insult and that no newborn GABAergic interneurons
occur in the adult dentate gyrus during epileptogenesis.

extracellular matrix, acquired channelopathies, and reorganiza-
tion of the molecular architecture of individual neuronal cells

Epilepsy is one of the most common chronic neurological disor-
ders with prevalence of 0.4% to 1.0% [1]. It is characterized
by recurrent, usually unprovoked, epileptic seizures and by the
neurobiological, cognitive, psychological, and social conse-
quences of this condition [2]. The current treatment of epilepsy
is symptomatic by merely preventing or suppressing seizures
instead of clearly influencing the process developing epilepsy
(epileptogenesis).

Epileptogenesis refers to a process in which an initial brain-
damaging insult (e.g., traumatic brain injury, stroke, infection,
and prolonged febrile seizures) triggers a cascade of molecular
and cellular changes including neurodegeneration, neurogene-
sis, gliosis, angiogenesis, axonal sprouting, axonal injury, dendri-
tic remodeling, invasion of inflammatory cells, alterations in
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[3]. A severe consequence of these changes is the imbalance
between excitation and inhibition in the hippocampal neuronal
network, which may cause the occurrence of spontaneous recur-
rent seizures (SRS). As the major inhibitory neurotransmitter in
the central nervous system (CNS), GABA plays a crucial role in
regulating neuronal excitability. However, the role that GABAer-
gic interneurons may play in epileptogenesis continues to be a
topic of considerable debate. On the one hand, GABAergic inter-
neurons might be selectively vulnerable to various injuries
including convulsive agents-induced epilepsy [4,5] and excessive
electrical stimulation [6]; on the other hand, GABAergic inter-
neurons are selectively spared following some other insults [7,8].

In addition, it is widely accepted that continuous neurogenesis
exists in the adult hippocampus through the life of a mammal,
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including humans [9,10]. The newborn neurons mostly differenti-
ate into excitatory granular cells and functionally integrate into
preexisting hippocampal neural circuitry [11-13]. However, little
is known how many, if any, newborn cells in the hippocampus
can differentiate into inhibitory GABAergic interneurons in the
epileptic hippocampus.

For investigating the alteration of GABAergic interneurons in
the adult brain, previous studies used immunohistochemistry
with an antibody against glutamic acid decarboxylase (GAD) or
GABA to identify the GABAergic interneurons [14,15]. However,
to achieve a more precise understanding of the degeneration and
regeneration of GABAergic interneurons in the epileptic hippo-
campus, here, we used glutamic acid decarboxylase-green fluores-
cence protein (GAD67-GFP) knock-in mice, in which the neurons
containing GAD67, that is GABAergic interneurons, express GFP
[16]. We employed two types of epileptogenesis models: One is
the pentylenetetrazol (PTZ)-induced chronic kindling model [17]
and the other is the lithium-pilocarpine-induced status epilepticus
(SE) model [18,19]. First, we examined the degeneration of GAB-
Aergic interneurons in the dentate gyrus in two distinct epilepto-
genesis models. Then, we explored how many, if any, newborn
cells in the dentate gyrus can differentiate into inhibitory GAB-
Aergic interneurons in the epileptic hippocampus. Last, we inves-
tigated the effect of sodium valproate (VPA), the most widely used
first-line broad-spectrum antiepileptic drug, on the degeneration
and regeneration of GABAergic interneurons in the epileptic hip-
pocampus.

Materials and Methods
Animals

Male GAD¢7-GFP knock-in mice weighing 20 to 28 g at the time
of first treatment were used in this study. The generation and
characteristics of the GAD67-GFP knock-in mice have been
described previously [16]. The mice were housed under controlled
temperature and light conditions (12-h light/dark cycle), with ad
libitum access to food and water. All experimental procedures used
were in strict accordance with the guidelines established by the
U.S. NIH and were approved by the Fourth Military Medical Uni-
versity Animal Care Committee. All surgery was performed under
sodium pentobarbital anesthesia, and every effort was made to
minimize suffering.

PTZ Kindling Model

Mice received intraperitoneal (i.p.) injections of PTZ (Sigma-
Aldrich, St. Louis, MO, USA) at a subconvulsive dose of 40 mg/kg
every other day consecutively up to 4 weeks. After each PTZ
injection, the mice were placed singly and were closely observed
for 30 min. The intensity of convulsions was rated according to
Racine’s criterion (1972). When the animal had stage 4 seizures,
that is clonic convulsions in the forelimbs with rearing, on three
consecutive administrations, it was defined as being fully kindled
and the treatment was discontinued [20]. These clonic seizures
generally last <5 min. The animals usually reached the criterion of
kindled seizures after 7-12 injections of PTZ. Control mice were
given an equal volume of vehicle (0.9% saline) and were kept
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isolated as PTZ-kindled mice for 30 min. After the first PTZ or
vehicle injection, all mice received i.p. injections of 5-bromode-
oxyuridine (BrdU, Boehringer Mannheim, Indianapolis, IN, USA)
at dose of 100 mg/kg daily for 3 days. Experimental mice were
allowed to survive for 1 day and 14 days after being kindled.

Lithium-pilocarpine Model

SE mice were generated by lithium-pilocarpine injection, as
described previously [19]. An aqueous solution of lithium chloride
(10 mEq/kg, i.p., Sigma-Aldrich) was injected 18-20 h prior to
the administration of pilocarpine. Mice were pretreated with
methylscopolamine bromide (1 mg/kg, Sigma-Aldrich) 30 min
prior to pilocarpine, and then, single dose of pilocarpine (100 mg/
kg, i.p., Sigma-Aldrich) was administered. Seizures were scored by
Racine’s scale (1972). When mice experienced stage 4 or 5 sei-
zures for 1 h, sodium pentobarbital (40 mg/kg, i.p.) was used to
terminate seizures. All mice surviving SE were video-monitored
with video cameras for 8 h per day from day 10 to day 20 after SE.
Only those mice that displayed spontaneous convulsive seizure
activities of stage 4 or 5 were defined as chronic epileptic mice and
were used for further analysis. All mice received 3 i.p. injections
of BrdU (100 mg/kg per injection) once a day, beginning at day 6
after pilocarpine or saline treatment. Mice were killed 3 weeks or
8 weeks after pilocarpine administration.

VPA Treatment

In the lithium-pilocarpine-induced SE model, a subset of mice
that displayed continuous and convulsive seizure activities of
stage 4 or 5 for 1 h after pilocarpine injection were used for VPA
experiment. After SE termination, mice were randomly divided
into two groups, so that the severity of SE did not significantly dif-
fer between groups. One group was treated with VPA (Sigma-
Aldrich) and the other group received vehicle. A third group, the
naive control, received vehicle injections as well. VPA was dis-
solved in 0.9% saline and administered as a bolus injection of
400 mg/kg i.p. five hours following pilocarpine injection. From
the next day on, VPA was administered twice daily (8 a.m. and 8
p-m.) at a dose of 200 mg/kg i.p. over a period of 8 weeks. The
dosage was chosen based on the previous study [21]. All mice
received 3 i.p. injections of BrdU (100 mg/kg per injection) once a
day, beginning at day 6 after pilocarpine or saline treatment. Mice
were killed 8 weeks after pilocarpine administration.

Tissue Fixation and Immunohistochemistry

Under anesthesia with sodium pentobarbital (50 mg/kg, i.p.),
mice were perfused transcardially with 0.9% saline, followed by
4% paraformaldehyde in 0.1 M PBS (pH 7.4). The brains were
postfixed in the same fixative for 2 h and placed in 20% sucrose
until they sank. Coronal sections (30 um thickness) through the
entire hippocampus were cut on a sliding microtome, stored in
PBS, and stained with different techniques for different purposes.
Immunohistochemical detection of single BrdU labeling was
conducted with previously described protocols [22]. Briefly, free
floating sections were pretreated in 50% formamide/2 x SSC buf-
fer (0.3 M NacCl, 0.03 M sodium citrate) at 65°C for 2 h and were
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incubated in 2 M HCl at 37°C for 30 min. After a 10-min wash in
0.1 M borate buffer (pH 8.5) to neutralize the HCI, sections were
incubated in mouse anti-BrdU antibody (1:1000; Santa Cruz Bio-
technology, Santa Cruz, CA, USA) at 4°C for 36 h. Sections were
washed again and incubated in biotinylated goat anti-mouse sec-
ondary antibody (1:250; Vector Laboratories, Burlingame, CA,
USA) for 2 h at room temperature (RT), followed by wash in PBS
and incubation in avidin-biotin-peroxidase complex for 2 h. After
a final wash, sections were colorized by the peroxidase substrate
3, 3/-diaminobenzidine.

For immunohistochemical detection of single labeling of GFP,
sections were incubated in rabbit anti-GFP antibody (1:500; Mole-
cular Probes, Life technologies, Burlington, ON, Canada) for 18 h
at RT. Sections were washed and incubated in biotinylated donkey
anti-rabbit IgG (1:200; Vector Laboratories) for 2 h at RT, followed
by incubation in avidin-biotin-peroxidase complex for 2 h. The
specificity of immunolabeling was verified by controls in which
the primary antibody was omitted.

For double or triple immunofluorescence staining, DNA in
the sections was first denatured to expose the antigen as
described above. Sections were then incubated at 4°C for 36 h
in a cocktail solution containing the following antibodies: rat
anti-BrdU antibody (1:200; Santa Cruz Biotechnology), rabbit
anti-GFP antibody (1:250; Molecular Probes, Life technologies)
and/or mouse antineuronal nuclear antigen (NeuN) antibody
(1:500; Chemicon, Temecula, CA, USA), or rabbit antiglial
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fibrillary acidic protein (GFAP) antibody (1:500; Santa Cruz
Biotechnology).

After multiple washes in PBS, sections were incubated for 4 h
in Alexa Fluor 488-conjugated donkey anti-rabbit IgG, Alexa
Fluor 594-conjugated goat anti-rat IgG (1:400; Molecular Probes)
and/or Cy5-conjugated donkey anti-mouse IgG (1:400; Vector
Laboratories), or Cy5-conjugated donkey anti-rabbit IgG (1:200;
Vector Laboratories). Sections were mounted on gelatinized slides
and coverslipped.

Cell Counts

Every sixth section throughout the hippocampus was processed
for BrdU immunohistochemistry. All BrdU-labeled cells in the
dentate gyrus were counted in each section by an experimenter
blinded to the study code. To distinguish single cells within
clusters, all counts were performed at 400 x under a light
microscope (Olympus BX-51, Hamberg, Germany), omitting
cells in the outermost focal plane. The total number of BrdU-
labeled cells per section was determined and multiplied by 6 to
obtain the total number of cells per dentate gyrus [23]. GFP-
positive cells were counted with the same method as BrdU
counting.

For quantification of BrdU/NeuN and BrdU/GFP double-label-
ing cells, immunofluorescence images were obtained under a
confocal laser scanning microscope (Olympus X2100). Fifty BrdU-
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Figure 1 Expressions of GAD67-positive
interneurons in the dentate gyrus (DG)
postepileptic seizures. (A-B) Representative
GFP staining in the DG in the control (A) and
PTZ kindling 14 day (B) mice. (C-D)
Representative GFP staining in the DG in the
control (C), and SE 8 week (D) mice. (E) No
significant change of the number GFP-positive
cells appeared in the DG post-PTZ kindling. (F)
The number of GFP-positive cells in the DG was
reduced in both SE 3 week and SE 8 week
groups. *P < 0.05, **P < 0.01 compared to
the corresponding control group. #P < 0.05
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compared to SE 3 week group. n = 5 mice per
group. Error bars represent SEM. Scale
bar =100 pm.
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(A)

©

Figure 2 Effects of PTZ kindling on the
hippocampal neurogenesis. (A-D)
Representative BrdU staining in the dentate
gyrus (DG) of mice killed 1 day (A, control; B,
PTZ treatment) and 14 days (C, control; D, PTZ
treatment) after kindled. (E-G) Fluorescence
images of BrdU-(red), NeuN-(blue), GFAP-(blue), H
and double-labeled cells in the DG of mice

~

o 600 -
killed 14 days after kindled (E, control; (F-G) E
PTZ treatment). White arrows point to Brdu 2 500 4
single-labeled cells and yellow arrows point to % 200 |
double-labeled cells. (H) Number of BrdU- +°
labeled cells in the DG at 1 day and 14 days % 300 -|
after kindled. (I) Differentiation ratio of @
newborn neurons in the DG 14 days after s 200
kindled. *P < 0.05, **P < 0.01 compared to E 100 4
the corresponding control group. ##P < 0.01 g
compared to PTZ 1 day group. n = 5 mice per Z o
group. Error bars represent SEM. BrdU was &
given after the first PTZ treatment. Scale o‘:\ &
bar = 100 um (A-D); 20 um (E-G). o ?

positive cells in each mouse were randomly selected and then
analyzed by orthogonal reconstructions from z-series (z-step,
1 pm) to obtain the proportion of double-labeling cells to BrdU-
stained cells.

Statistics

All results are expressed as mean £ SEM. One-way ANOVA
followed by a Dunnett’s test was used for comparing multiple-
treatment groups with a control group. The two-sample Student’s
t-test was used for comparison when only two groups were
analyzed. Data management and statistical analyses were performed
using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Statistical signifi-
cance was set at P < 0.05.
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Results

Degeneration of GABAergic Interneurons in the
Dentate Gyrus during Epileptogenesis

We first examined whether two distinct epileptogenic insults
produce different effects on the degeneration of GABAergic
interneurons in the dentate gyrus. In accord with the previous
study [24], the majority of GFP-positive cells, that is GAD67-
positive GABAergic interneurons, were located in the hilus in
GAD67-GFP knock-in mice. As depicted in Figure 1, PTZ kind-
ling did not lead to a significant change in the number of GFP-
positive cells in the dentate gyrus whether on day 1 or on day 14
after kindled (Figure 1A-B,E), indicating that GABAergic inter-
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neurons are preserved in the PTZ-induced epileptogenesis. In
contrast, pilocarpine-induced SE resulted in a significant loss of
GFP-positive interneurons in the dentate gyrus in GAD67-GFP
knock-in mice at both 3 weeks and 8 weeks after SE (Figure 1C—
D,F). Moreover, the number of GFP-positive interneurons in the
dentate gyrus was significantly lower at 8 weeks after SE as com-
pared to 3 weeks, suggesting a progressive loss of GFP-positive
interneurons in the epileptogenesis post-SE.

Regeneration of GABAergic Interneurons in the
Dentate Gyrus during Epileptogenesis

Second, we observed the effects of two distinct epileptogenic
insults on the GABAergic neurogenesis in the hippocampus of
GAD67-GFP knock-in mice. In the PTZ kindling model, the major-
ity of BrdU-labeled cells were distributed as isolated cells in the
dentate granular cell layer and the subgranular zone, minority of
which scattered in the dentate hilus (Figure 2A-D). Quantitative
analysis showed a significant increase of the number of BrdU-

56 CNS Neuroscience & Therapeutics 21 (2015) 52-60

D. Wei et al.

Figure 3 Effects of pilocarpine-induced SE on
the hippocampal neurogenesis. (A-D)
Fluorescence images of BrdU-(red), NeuN-
(blue), and double-labeled cells in the dentate
gyrus (DG) of mice killed 8 weeks after SE. (A)
control; (B) SE group. (C) High-power view of
the boxed region in (A); (D) High-power view of
the boxed region in (B). Note that most BrdU-
labeled cells in the epileptic mice abnormally
migrated into the dentate hilus. White arrows
point to BrdU single-labeled cells and yellow
arrows point to double-labeled cells. (E)
Number of BrdU-labeled cells in the DG at

3 weeks and 8 weeks post-SE. (F)

T Differentiation ratio of newborn neurons in the
DG 8 weeks after SE. **P < 0.01 compared to
the corresponding control. ##P < 0.01
compared to SE 3 week group. n = 5 mice per
SE group. Error bars represent SEM. BrdU was

given 6 days after SE. Scale bar = 100 um
(A-B); 20 um (C-D).

labeled cells in the dentate gyrus on day 1 after kindled as com-
pared with control (P < 0.05, n = 5 mice per group). On 14 days
after kindled, the number of BrdU-labeled cells in the dentate
gyrus was significantly reduced compared to either the corre-
sponding control or day 1 after kindled group (P < 0.01, n =5
mice per group) (Figure. 2H). Since this time point (14 days after
kindled) is around 4-5 weeks after the completion of BrdU injec-
tions, we continued to use BrdU/NeuN double labeling combined
with confocal laser scanning microscope to determine the neuro-
nal differentiation ratio of newborn cells in the dentate gyrus.
More than 80% of newborn cells differentiated into neurons in
the control group, whereas only approximate 58% of newborn
cells differentiated into neurons in PTZ-kindled mice (Figure 2E—
F,I). Some BrdU-labeled cells in the kindled mice were colabeled
with an astrocyte marker, GFAP (Figure 2G), indicating that these
newborn cells differentiated into astrocytes.

At 3 weeks after pilocarpine-induced SE, the number of BrdU-
labeled newborn cells rose up to 2.7-fold of that in the intact
dentate gyrus (P <0.01, n=5 mice per group) (Figure 3E).

© 2014 John Wiley & Sons Ltd
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Figure 4 No newborn GAD67-positive neurons
in the dentate gyrus (DG). Representative
double-labeled images of BrdU (red) and GFP
(green) in the DG in the control (A), PTZ

14 days (C), and SE 8 week (E) mice.
Representative triple-labeled images of BrdU
(red), GFP (green), and NeuN (blue) in the DG in
the control (B), PTZ 14 days (D), and SE 8 week
(F) mice. Note that no BrdU-positive cell
colabeled with GFP. The inset in the first panel
is of a confocal 3D reconstruction of the cell in
the boxed region, showing two neighboring
cells rather than a double-labeled cell. Scale
bar = 50 um (A, C, E); 20 um (B, D, F).

Then, the number declined to 1.9-fold of control at 8 weeks after
SE (P <0.01) (Figure 3E). In the intact dentate gyrus, most
BrdU-labeled cells were located in the granular cell layer and the
subgranular zone. In contrast, the majority of BrdU-labeled
cells were present in the dentate hilus after SE (Figure 3A-D).
In addition, the differentiation ratio of newborn neurons
decreased significantly, that is only 29% of newborn cells differ-
entiating into neurons in the dentate gyrus 8 weeks after SE
(Figure 3F).

To determine the GABAergic identity of newborn cells in the
dentate gyrus, we employed BrdU/GFP double-labeling and
BrdU/GFP/NeuN triple-labeling immunofluorescence. As illus-
trated in Figure 4, we examined randomly fifty BrdU-positive
cells in each mouse and did not found any BrdU-positive cells
colabeled with GFP in the epileptic dentate gyrus as well as in
the intact dentate gyrus. The results indicated that there were
not newborn GAD67-positive interneurons in the dentate gyrus
during epileptogenesis whether PTZ kindling-induced or SE-
induced.

© 2014 John Wiley & Sons Ltd
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Effects of VPA Treatment on GABAergic
Interneurons in the Dentate Gyrus during
Epileptogenesis

Finally, we sought to examine whether VPA treatment can
protect the loss of GABAergic interneurons or induce the
production of GABAergic interneurons in the dentate gyrus in
epileptogenesis. Given that PTZ kindling-induced epileptogene-
sis failed to result in the loss of GABAergic interneurons in
the dentate gyrus, we did not continue to use VPA treatment
in this model. We focused primarily on the effect of VPA
treatment on GABAergic interneurons in the epileptogenesis
post-SE. As shown in Figure 5, pilocarpine-induced SE caused
an obvious decrease of the number of GAD67-positive inter-
neurons in the dentate gyrus at 8 weeks after pilocarpine
injection. However, the epileptic mice receiving VPA treatment
showed a significant increase in the number of GFP-positive
cells in the dentate gyrus compared with those without VPA
and displayed a level similar to those in the normal control

CNS Neuroscience & Therapeutics 21 (2015) 52-60 57
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Figure 5 Effects of valproate treatment on the hippocampal
neurogenesis after pilocarpine-induced seizures. (A) VPA treatment
inhibited the increased proliferation of neural progenitor cells in the
epileptic dentate gyrus. (B) VPA treatment reversed the decreased
differentiation ratio of newborn neurons in the epileptic dentate gyrus. (C)
VPA treatment protected the GFP-positive GABAergic neurons in the
dentate gyrus from seizure-induced injury. **P < 0.01 compared to the
control group. ##P < 0.01 compared to the SE-VEH group. n = 5 mice per
group. Error bars represent SEM.

(Figure 5C). This suggested that VPA treatment may effectively
attenuate the GABAergic interneuron damage in epileptic den-
tate gyrus.

Consistent with the results in the Figure 3, pilocarpine-induced
SE led to a strong increase of the number of BrdU-positive cells
and a severe decrease of neuronal differentiation ratio in the den-
tate gyrus as compared with the normal control (P < 0.01). By
daily VPA injections after SE, both the phenomena were rever-
sed to a similar level in the intact dentate gyrus (Figure 5 A,B).
Furthermore, we analyzed randomly 50 BrdU-positive cells in the
dentate gyrus in each mouse with VPA treatment and still found
no BrdU/GFP double-labeled cell, which indicated that even the
first-line AED, VPA, could not induce hippocampal GABAergic in-
terneurons production.
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Discussion

This study shows that two distinct epileptogenic insults produce
different effects on the degeneration of GABAergic interneurons
in the dentate gyrus. Pilocarpine-induced SE but not PTZ kindling
resulted in the progressive loss of GABAergic interneurons in the
dentate gyrus. While both types of epileptogenic insults affec-
ted the neurogenesis in the dentate gyrus to various degrees, no
newborn cells differentiated into GABAergic interneurons. An-
tiepileptic drug VPA treatment prevented the damage of GABAer-
gic interneurons in the dentate gyrus in the epileptogenesis
induced by SE, but it still failed to induce the regeneration of
GADG67-positive interneurons in the dentate gyrus. These data
indicate the existence of different mechanisms in the development
of two forms of epileptogenesis. Noteworthy, we found the lack of
GABAergic neurogenesis in the adult dentate gyrus during epile-
ptogenesis.

Epilepsy is a heterogeneous disorder. When addressing the
mechanisms of epilepsy, it must be kept in mind that epilepsy
has a number of subtypes, which are generally classified into
focal/partial and generalized [2]. In this study, we used PTZ-
induced chronic kindling model and pilocarpine-induced SE
model to represent human generalized epilepsy [17,18] and
temporal lobe epilepsy [19], respectively. Kindling is a form of
epileptogenesis that can be induced by repetitive administration
of initially subconvulsive amounts of excitatory drugs such as
PTZ, which acts at the GABAA receptor and reduces GABAergic
inhibition by interaction with the chloride ionophore [25,26],
whereas in SE rodents, systemic administration of the musca-
rinic receptor agonist pilocarpine leads to a pattern of repetitive
limbic seizures and SE, which is followed by a latent period
that precedes the development of SRS [19]. We found that the
PTZ kindling model did not alter the number of GAD67-posi-
tive neurons in the dentate gyrus, whereas pilocarpine-induced
SE resulted in a progressive loss of GAD67-positive neurons.
This could be explained by the fact that the two models exhibit
different levels of seizure activities. The mice in the pilocarpine
model experienced severe epileptic seizures (stage 4 or 5 sei-
zures by Racine’s scale) for 1 h in the acute phase and also suf-
fered SRS in the chronic phase. In contrast, in PTZ kindling
model, mice just experienced several stage 4 seizures (clonic
convulsions in the forelimbs with rearing) for a few minutes.
However, the progressive loss of GABAergic interneurons in
the dentate gyrus could in turn contribute to development of
epileptogenesis in the pilocarpine model.

In line with the previous results [27,28], this study shows that
both types of epileptic seizures promoted the production of new-
born cells in the dentate gyrus at early time point, that is 1 day
after kindled and 3 weeks post-SE, then, induced the decrease of
BrdU-labeled cells in both 14 days after kindled and 8 weeks post-
SE, possibly due to BrdU dilution or cell death. However, a previ-
ous study examining multiple cell division using BrdU combined
with the cell cycle marker Ki-67 staining concluded that cell divi-
sion continues for up to 4 days following BrdU, and any decreases
in BrdU labeling beyond this time point reflect cell death rather
than BrdU dilution [29]. Mohapel et al. also reported that there
was the same number of Ki-67 positive cells in the hippocampus
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between epilepsy and control groups 5 weeks after SE [30].
Accordingly, the observed decrease of BrdU-positive cells in those
periods after seizures is contributed by increasing cell death rather
than BrdU dilution, which can be further explained by the fact
that chronic epilepsy produces an unfavorable microenvironment
for the survival of newborn cells, such as the associated inflamma-
tion in the epileptic hippocampus and the lack of appropriate tro-
phic support and connections [31,32]. In the chronic period of
epilepsy, the ratio of neuronal differentiation of newborn cells
was also decreased. The underlying mechanisms might be also
related to paucity of factors (BDNF, IGF-1, FGF-2, Wnt proteins,
etc.) that favor neuronal differentiation of newly born cells in the
chronically epileptic hippocampus [33].

Although various types of epileptic seizures have been shown to
promote the neurogenesis in the adult hippocampus [22,28,34], it
is unknown whether newborn cells can differentiate into inhibi-
tory GABAergic interneurons. Previous studies have shown that
all hippocampal GABAergic interneurons are born in ganglionic
eminence (GE) region in lower mammals including mice [35],
migrate vertically to the marginal zone (MZ) then horizontally in
the lateral-to-medial direction through the cerebral MZ, finally
concentrate in the hippocampal primordium by E14-E15 [36].
The cells arrived in the hippocampus perform another step of
migration, populating the strata oriens, pyramidale and radiatum
of the hippocampus, or settling in the hilus of the dentate gyrus
during the last prenatal days and first postnatal weeks [36-38].
Although previous in vitro work showed that neural stem cells pre-
pared from rat embryonic hippocampus on E16 can differentiate
into both excitatory (glutamatergic) and inhibitory (GABAergic)
neurons and that BDNF specifically supports the differentiation of
GABAergic interneurons [39], the similar phenomenon of gener-
ating GABAergic interneurons is not confirmed in vivo till now.
This suggests that the hippocampus per se may be unable to pro-
duce GABAergic interneurons although adult neurogenesis exists.

As expected, in this study, we found no GABAergic neurogene-
sis in the adult normal as well as epileptic dentate gyrus, which
seems to conflict with a previous report [15]. By Uusing mutant
Semliki Forest Virus vectors to introduce enhanced GFP into hip-
pocampal neurons, they found that during developmental period
(6 days after the last BrdU injection) rather than maturation per-
iod (6 weeks post-BrdU injection), 14% of newborn neurons in
the dentate gyrus were morphologically characterized as GABAer-
gic basket cells. More recently, by using a line of BAC transgenic
mice, Zhao and colleagues [40] found a high degree of GFP-posi-
tive cells colocalized with BrdU and the newborn neuron markers,
doublecortin, and PSA-NCAM at day 7 after BrdU injection.
They pointed out that the GFP expression covers the whole devel-
opmental stage of newborn neurons, which fades away as neu-
rons mature. Actually, it has been established that immature
hippocampal glutamatergic granule cells express not only GABA
but also all the markers of the GABAergic phenotype, such as
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GAD, which shut off after the completion of development [41].
Another study by Mohapel et al. also mentioned that they did not
find any newborn parvalbumin-positive cells, a subpopulation of
GABAergic interneurons, in the adult dentate gyrus [30]. Thus,
our data together with aforementioned studies support that adult
dentate gyrus fails to produce newborn GABAergic interneurons
under either normal or pathological conditions. Given that we
mainly focused on the hippocampal GABAergic neurogenesis in
this study, we cannot rule out the possibility that GABAergic neu-
rogenesis occurs in the other regions, such as neocortex and stria-
tum. In addition, we did not use other specific markers (e.g.,
GABA, GADG65, parvalbumin, CCK, somatostatin, calretinin) to
further indentify GABAergic interneurons as the presence of GFP
has been demonstrated in essentially all GABAergic interneurons
in the GAD67-GFP knock-in mice [16,42], which may be a weak-
ness in this study.

VPA is one of the most commonly used antiepileptic drugs with
efficacy for the treatment of both generalized and partial epilepsies
in adults and children [43]. This study shows that VPA treatment
can exert powerful neuroprotective effects by preventing the
GABAergic interneurons damage and reversing the abnormal
neurogenesis in the dentate gyrus during post-SE epileptogenesis.
A previous in vitro study [44] showed that VPA treatment with
clinically relevant concentrations stimulated the differentiation of
newly generated neurons into a GABAergic phenotype, indicating
that VPA might produce an inductive effect on the genesis of
GABAergic interneurons from endogenous stem cells or progeni-
tors in the brain. Unfortunately, the result was not confirmed in
either intact or epileptic hippocampus with 8-week VPA adminis-
tration in our study.

Taken together, although two distinct epileptogenic insults pro-
duced different effects on the degeneration of GABAergic inter-
neurons as well as the neurogenesis in the dentate gyrus, neither
of them was able to induce the production of new GABAergic in-
terneurons in the dentate gyrus of adult GAD67-GFP knock-in
mice under the present protocol. This raises a new interesting
question, that is how to make newborn neurons develop into
GABAergic interneurons in the epileptic hippocampus for the
treatment of epilepsy.

Acknowledgments

This work was supported by grants from the Natural Science
Foundation of China (Grant Numbers 81071051, 81271432) and
Program for Changjiang Scholars and Innovative Research Team
in University from Ministry of Education of China (IRT1053).

Conflicts of Interest

The authors declare no conflicts of interest.

4. Obenaus A, Esclapez M, Houser CR. Loss of glutamate
decarboxylase mRNA-containing neurons in the rat
dentate gyrus following pilocarpine-induced seizures. J
Neurosci 1993;13:4470-4485.

and potential treatment targets. Lancet Neurol 5. Ribak CE, Bradburne RM, Harris AB. A preferential loss

of GABAergic, symmetric synapses in epileptic foci: A

CNS Neuroscience & Therapeutics 21 (2015) 52-60 59



GABAergic Interneurons during Epileptogenesis

o

<

quantitative ultrastructural analysis of monkey neocortex.
J Neurosci 1982;2:1725-1735.

Sloviter RS. Decreased hippocampal inhibition

and a selective loss of interneurons in

experimental epilepsy. Science 1987;235:

73-76.

Tecoma ES, Choi DW. GABAergic neocortical neurons are
resistant to NMDA receptor-mediated injury. Neurology
1989;39:676-682.

Mathern GW, Babb TL, Vickrey BG, Melendez M,
Pretorius JK. The clinical-pathogenic mechanisms of
hippocampal neuron loss and surgical outcomes in
temporal lobe epilepsy. Brain 1995;118(Pt 1):105-118.
Eriksson PS, Perfilieva E, Bjork-Eriksson T, et al.
Neurogenesis in the adult human hippocampus. Nat Med
1998;4:1313-1317.

Zhao C, Deng W, Gage FH. Mechanisms and functional
implications of adult neurogenesis. Cell 2008;132:645-660.
Cameron HA, McKay RD. Adult neurogenesis produces a
large pool of new granule cells in the dentate gyrus. J
Comp Neurol 2001;435:406-417.

van Praag H, Schinder AF, Christie BR, Toni N, Palmer
TD, Gage FH. Functional neurogenesis in the adult
hippocampus. Nature 2002;415:1030-1034.

Toni N, Teng EM, Bushong EA, et al. Synapse formation
on neurons born in the adult hippocampus. Nat Neurosci
2007;10:727-734.

Dayer AG, Cleaver KM, Abouantoun T, Cameron HA.
New GABAergic interneurons in the adult neocortex and
striatum are generated from different precursors. J Cell
Biol 2005;168:415-427.

Liu S, Wang J, Zhu D, Fu Y, Lukowiak K, Lu YM.
Generation of functional inhibitory neurons in the adult
rat hippocampus. J Neurosci 2003;23:732-736.

Tamamaki N, Yanagawa Y, Tomioka R, Miyazaki J, Obata
K, Kaneko T. Green fluorescent protein expression and
colocalization with calretinin, parvalbumin, and
somatostatin in the GAD67-GFP knock-in mouse. J Comp
Neurol 2003;467:60-79.

Doi T, Ueda Y, Nagatomo K, Willmore LJ. Role of gluta-
mate and GABA transporters in development of pentylen-
etetrazol-kindling. Neurochem Res 2009;34:1324-1331.
Fisher RS. Animal models of the epilepsies. Brain Res
Brain Res Rev 1989;14:245-278.

Curia G, Longo D, Biagini G, Jones RS, Avoli M. The
pilocarpine model of temporal lobe epilepsy. J Neurosci
Methods 2008;172:143-157.

60 CNS Neuroscience & Therapeutics 21 (2015) 52-60

20.

21.

22,

23,

24,

25.

26.

27.

28.

29.

30.

31.

32.

De Sarro G, Palma E, Costa N, et al. Effects of compounds
acting on GABA(B) receptors in the pentylenetetrazole
kindling model of epilepsy in mice. Neuropharmacology
2000;39:2147-2161.

Hoffmann K, Czapp M, Loscher W. Increase in
antiepileptic efficacy during prolonged treatment with
valproic acid: Role of inhibition of histone deacetylases?
Epilepsy Res 2008;81:107-113.

Jiang W, Wan Q, Zhang ZJ, et al. Dentate granule cell
neurogenesis after seizures induced by pentylenetrazol in
rats. Brain Res 2003;977:141-148.

Malberg JE, Eisch AJ, Nestler EJ, Duman RS. Chronic
antidepressant treatment increases neurogenesis in adult
rat hippocampus. J Neurosci 2000;20:9104-9110.

Jinno S, Kosaka T. Immunocytochemical characterization
of hippocamposeptal projecting GABAergic nonprincipal
neurons in the mouse brain: A retrograde labeling study.
Brain Res 2002;945:219-231.

Corda MG, Orlandi M, Lecca D, Carboni G, Frau V, Giorgi
0. Pentylenetetrazol-induced kindling in rats: Effect of
GABA function inhibitors. Pharmacol Biochem Behav
1991;40:329-333.

Rocha L, Briones M, Ackermann RF, et al.
Pentylenetetrazol-induced kindling: Early involvement of
excitatory and inhibitory systems. Epilepsy Res
1996;26:105-113.

Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter
RS, Lowenstein DH. Dentate granule cell neurogenesis is
increased by seizures and contributes to aberrant network
reorganization in the adult rat hippocampus. J Neurosci
1997;17:3727-3738.

Nakagawa E, Aimi Y, Yasuhara O, et al. Enhancement of
progenitor cell division in the dentate gyrus triggered by
initial limbic seizures in rat models of epilepsy. Epilepsia
2000;41:10-18.

Dayer AG, Ford AA, Cleaver KM, Yassace M, Cameron
HA. Short-term and long-term survival of new neurons in
the rat dentate gyrus. J Comp Neurol 2003;460:563-572.
Mohapel P, Ekdahl CT, Lindvall O. Status epilepticus
severity influences the long-term outcome of
neurogenesis in the adult dentate gyrus. Neurobiol Dis
2004;15:196-205.

Kokaia M. Seizure-induced neurogenesis in the adult
brain. Eur J Neurosci 2011;33:1133-1138.

Ekdahl CT, Claasen JH, Bonde S, Kokaia Z, Lindvall O.
Inflammation is detrimental for neurogenesis in adult

brain. Proc Natl Acad Sci U S A 2003;100:13632-13637.

40.

41.

42.

43.

&

44,

D. Wei et al.

Hattiangady B, Shetty AK. Decreased neuronal
differentiation of newly generated cells underlies reduced
hippocampal neurogenesis in chronic temporal lobe
epilepsy. Hippocampus 2010;20:97-112.

Parent JM, Murphy GG. Mechanisms and functional
significance of aberrant seizure-induced hippocampal
neurogenesis. Epilepsia 2008;49(Suppl 5):19-25.
Petanjek Z, Dujmovic A, Kostovic 1, Esclapez M. Distinct
origin of GABA-ergic neurons in forebrain of man,
nonhuman primates and lower mammals. Coll Antropol
2008;32(Suppl 1):9-17.

Morozov YM, Torii M, Rakic P. Origin, early
commitment, migratory routes, and destination of
cannabinoid type 1 receptor-containing interneurons.
Cereb Cortex 2009;19(Suppl 1):i78-i89.

Pleasure SJ, Anderson S, Hevner R, et al. Cell migration
from the ganglionic eminences is required for the
development of hippocampal GABAergic interneurons.
Neuron 2000;28:727-740.

Morozov YM, Ayoub AE, Rakic P. Translocation of
synaptically connected interneurons across the dentate
gyrus of the early postnatal rat hippocampus. J Neurosci
2006;26:5017-5027.

Vicario-Abejon C, Collin C, Tsoulfas P, McKay RD.
Hippocampal stem cells differentiate into excitatory and
inhibitory neurons. Eur J Neurosci 2000;12:677-688.
Zhao S, Zhou Y, Gross J, et al. Fluorescent labeling of
newborn dentate granule cells in GAD67-GFP transgenic
mice: A genetic tool for the study of adult
neurogenesis. PLoS ONE 2010;5:e12506.

Gutierrez R, Heinemann U. Co-existence of GABA and
Glu in the hippocampal granule cells: Implications for
epilepsy. Curr Top Med Chem 2006;6:975-978.

Brown RE, McKenna JT, Winston S, et al.
Characterization of GABAergic neurons in
rapid-eye-movement sleep controlling regions of the
brainstem reticular formation in GAD67-green
fluorescent protein knock-in mice. Eur J Neurosci
2008;27:352-363.

Perucca E, Tomson T. The pharmacological treatment of
epilepsy in adults. Lancet Neurol 2011;10:446-456.
Laeng P, Pitts RL, Lemire AL, et al. The mood stabilizer
valproic acid stimulates GABA neurogenesis from rat
forebrain stem cells. J Neurochem 2004;91:238-251.

© 2014 John Wiley & Sons Ltd



