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Epigenetic Modulation of Seizure-Induced Neurogenesis and
Cognitive Decline
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The conceptual understanding of hippocampal function has been challenged recently by the finding that new granule cells are born
throughout life in the mammalian dentate gyrus (DG). The number of newborn neurons is dynamically regulated by a variety of factors.
Kainic acid-induced seizures, a rodent model of human temporal lobe epilepsy, strongly induce the proliferation of DG neurogenic
progenitor cells and are also associated with long-term cognitive impairment. We show here that the antiepileptic drug valproic acid
(VPA) potently blocked seizure-induced neurogenesis, an effect that appeared to be mainly mediated by inhibiting histone deacetylases
(HDAC) and normalizing HDAC-dependent gene expression within the epileptic dentate area. Strikingly, the inhibition of aberrant
neurogenesis protected the animals from seizure-induced cognitive impairment in a hippocampus-dependent learning task. We propose
that seizure-generated granule cells have the potential to interfere with hippocampal function and contribute to cognitive impairment
caused by epileptic activity within the hippocampal circuitry. Furthermore, our data indicate that the effectiveness of VPA as an antiepi-
leptic drug may be partially explained by the HDAC-dependent inhibition of aberrant neurogenesis induced by seizure activity within the

adult hippocampus.
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Introduction
The hippocampal subgranular zone contains cells that continue
to divide and differentiate into neurons throughout adulthood
(Gage, 2000). Adult neurogenesis can be enhanced by a number
of extrinsic factors, including exercise, enriched environment,
and learning (Kempermann et al., 1997; Gould et al., 1999; Van
Praagetal., 1999). Experimental insults, such as status epilepticus
(SE), can also cause a marked increase in adult neurogenesis
(Bengzon et al., 1997; Parent et al., 1997; Scott et al., 1998). It has
been speculated that seizure-induced neurogenesis contributes to
the deficits in hippocampal learning and memory that are asso-
ciated with SE (Stafstrom et al., 1993; Holmes, 1997; Parent,
2002; Parent and Lowenstein, 2002).

Valproicacid (VPA) (2-propylpentanoic acid) is a well known
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anticonvulsant and mood stabilizer (Henry, 2003). Recently,
VPA has been shown to directly inhibit histone deacetylases
(HDACs) (Gottlicher et al., 2001; Phiel et al., 2001). HDACs
belong to a family of enzymes that modify the N-terminal tails of
histones, altering the interaction between histones and DNA and
serving as an epigenetic regulator of gene expression. Huang
et al. (2002) reported that changes in glutamate receptor 2
(GluR2) and brain-derived neurotrophic factor (BDNF) after
pilocarpine-induced SE were associated with increased histone
acetylation in a promoter-specific manner. Both GluR2 and
BDNF contain a neuron-restrictive silencing element (NRSE),
which is a consensus 21 bp DNA binding site for the neuron-
restrictive silencing factor [NRSF, also called repressor element 1
(RE1)-silencing transcription factor (REST)] (Chong etal., 1995;
Schoenherr and Anderson, 1995). NRSF transcripts are rapidly
induced in the hippocampus after seizures (Palm et al., 1998).
Recent work from our laboratory has shown that NRSF also func-
tions as an activator of gene expression in adult neural stem cells
to induce neurogenesis (Kuwabara et al., 2004). In undifferenti-
ated neural progenitors or in glial cells, NRSF can associate with
repressor proteins such as HDACs and/or methyl-DNA binding
proteins (such as methyl-CpG binding protein 2) to repress neu-
ronal gene expression (Naruse et al., 1999; Ballas et al., 2001).
However, in neuroblasts, NRSF interacts with a noncoding RNA
with the same sequence as the NRSE to activate gene expression
and promote neuronal differentiation (Kuwabara et al., 2004).
We previously reported that VPA blocked the proliferation and
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induced neuronal differentiation of adult hippocampal neural
progenitor cells in vitro and in vivo (Hsieh et al., 2004). This effect
of VPA was associated with a hyperacetylation of histones and an
upregulation of NRSF-regulated neuronal genes (Hsieh et al.,
2004).

Here we examined the effects of the HDAC inhibitor VPA on
kainic acid (KA)-induced seizures. We found that VPA inhibited
seizure-induced neurogenesis and reduced abnormal morpho-
logical changes of newborn neurons to the level seen in control
animals. The ability of VPA to inhibit seizure-induced neurogen-
esis was associated with increase in NRSF mRNA as well as altered
expression levels of several NRSF-regulated neuronal genes.
VPA treatment potently protected epileptic animals from
hippocampus-dependent cognitive impairment after KA-
induced seizures. The data presented support the notion that
increased neurogenesis after SE is essentially aberrant and might
contribute to pathological changes associated with epileptic ac-
tivity within the hippocampal circuitry.

Materials and Methods

Animals. Sixty adult female Fisher 344 rats (180—200 g) were used in this
study. To induce SE, rats were injected with KA (12 mg/kg, i.p.). Seizure
activity was monitored behaviorally, and only animals exhibiting 3 h of
continuous convulsive SE were included in these experiments. Five hours
after the onset of seizures, rats in the VPA groups received their first VPA
injection (150 mg/kg twice daily, i.p.) that has been shown previously to
inhibit HDACs in vivo (Shen et al., 2005; Winkler et al., 2005). Control
animals received injections of identical volumes of saline. The day after
seizure induction, all rats received daily injections of bromodeoxyuridine
(BrdU) (50 mg/kg, i.p.) for 7 d. Rats in the proliferation group were killed
1 d after the last BrdU injection (controls, n = 8; KA, n = 11). Rats in the
survival group survived for 4 more weeks (controls, n = 8; KA, n = 10).
VPA was injected twice daily throughout the entire length of the experi-
ment (7 d in the proliferation group and 5 weeks in the survival group).

In a separate experiment, six adult female Fisher 344 rats (180-200 g)
were chronically implanted with electroencephalographic/electromyo-
graphic (EEG/EMG) electrodes and allowed to recover from surgery for
3 weeks (see below). After habituation, rats were injected with KA, and,
5 h after the onset of SE, animals were injected with either VPA (300
mg/kg, i.p.) (n = 3) or saline vehicle controls (n = 3) and we began
EEG/EMG monitoring, which continued for 3 d. During the following
2 d, VPA (300 mg/kg, i.p.) or saline was injected once a day.

To obtain hippocampal RNA for reverse transcription (RT)-PCR (see
below), eight adult female Fisher rats (180-200 g) were injected with KA
alone or with KA after a “preinjection” with VPA (300 mg/kg, i.p.) or
trichostatin A (TSA) (1 mg/kg, i.p.) 1 h before the induction of SE. Rats
were killed 3 or 24 h after the onset of seizures. In a subsequent experi-
ment, VPA, TSA, or valpromide (100 mg/kg, i.p.) was given 5 h after
KA-induced seizure onset (plus saline and KA only controls), and the
hippocampi were harvested 24 h later. An additional six rats was used for
the KA time course RT-PCR (see Fig. 4A) and eight rats for the KA time
course Western blots (see Fig. 4 B).

Preparation of hippocampal tissue, RT-PCR, and Western blots. The
hippocampus of both hemispheres was dissected out and chopped into
1-mm-thick coronal slices (McIlwain tissue chopper). The dentate gyrus
(DG), CA3, and CA1 were carefully isolated using a dissection micro-
scope. RNA isolation from the obtained tissue and cDNA synthesis were
performed as described previously (Hsieh et al., 2004). Primer sequences
are available on request. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and B-actin were used as normalization controls. Western
blot analysis was performed essentially as described previously with slight
modifications (Hsieh et al., 2004). Protein lysates from the obtained
tissue were solubilized in standard radioimmunoprecipitation assay
buffer and homogenized by doing three pulses for 10 s each on ice at
setting 1 (Tissue Tearor; Biospec, Bartlesville, OK). Supernatants were
normalized for total protein concentration using a BCA protein assay kit
(Pierce, Rockford, IL) and separated by SDS-PAGE (NuPage 7% Tris—
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acetate gel; Invitrogen, Carlsbad, CA). Primary antibodies were rabbit
anti-REST (1:500; Upstate Biotechnology, Lake Placid, NY), rabbit anti-
GluR2/3 (1:500; Millipore, Temecula, CA), and mouse anti-GAPDH (1:
2500; Millipore). Secondary antibodies were anti-rabbit (1:750) or anti-
mouse (1:1000) horseradish peroxidase from Cell Signaling Technology
(Beverly, MA), and chemiluminescence signals were detected with ECL
plus detection kit (GE Healthcare, Little Chalfont, UK) and exposed to
film.

Immunohistochemistry. Animals were anesthetized with a ketamine/
xylazine mixture and perfused with 0.9% NaCl solution, followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. Brains were
postfixed in 4% PFA for 24 h and then transferred into 30% sucrose.
Forty micrometer coronal section series were cut using a sliding mic-
rotome. All staining was done with free-floating sections. For BrdU de-
tection, the sections were pretreated with 2N HCI for 30 min at 37°C and
washed in 0.1 M borate buffer, pH 8.5, for 10 min.

To determine the absolute number of BrdU-labeled cells and to visu-
alize the morphology of doublecortin (DCX)-positive cells, the peroxi-
dase method (ABC system; Vectastain; Vector Laboratories, Burlingame,
CA) with biotinylated anti-rat and anti-goat antibodies and nickel-
intensified diaminobenzidine (Sigma, St. Louis, MO) as chromogen was
used. Immunofluorescent triple labeling was done as described previ-
ously (Jessberger and Kempermann, 2003). As primary antibodies, we
used rat anti-BrdU (1:500; Harlan Sera-Lab, Loughborough, UK), mouse
anti-neuronal neuclei (NeuN) (1:100; Millipore), goat anti-doublecortin
(1:250; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-S1003
(1:1000; Swant, Bellinzona, Switzerland), rabbit anti-Ki67 (1:250; Novo-
castra Laboratories, Newcastle upon Tyne, UK), and rabbit-anti-REST
(1:100; Upstate Biotechnology). To determine the extension of basal
dendrites arising from new neurons, we captured 12 images of the gran-
ule cell layer (GCL) spanning 250 wm in length for each animal. Images
were exported into Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA),
and three zones starting from the inner border of the GCL and stretching
20 wm apart from each other were outlined. All processes in each zone
were counted.

For Fluoro-Jade B staining, sections were mounted on coated slides
and dried for 24 h at room temperature. The sections were rehydrated,
washed for 2 min in ddH,0, blocked in 0.06% potassium permanganate,
and incubated for 30 min in the staining solution with 0.0008% Fluoro-
Jade B (Millipore).

Cell counts. The total number of BrdU-positive cells was counted using
every 12th section (480 wm apart) from all animals. BrdU-positive cells
were counted throughout the rostrocaudal extent of the granule cell layer
using a 20X objective and a conventional bright-field microscope
(Eclipse E800; Nikon, Tokyo, Japan) as described previously (Kemper-
mann and Gage, 1999). Derived numbers were multiplied by 12 to obtain
total cell numbers per GCL.

One-in-12 series of sections from animals from the proliferation
group and the survival group (see Fig. 1) were double stained for Ki67/
DCX or BrdU and NeuN. Fluorescent signals were detected using a spec-
tral confocal microscope (Radiance 2100; Bio-Rad, Hercules, CA). All
analyses were performed in sequential scanning mode, and double label-
ing was confirmed by three-dimensional reconstructions of z-series.
From each animal, 50 Ki67-positive (proliferation group) or BrdU-
positive (survival group) cells were randomly picked throughout the
GCL and analyzed. Images were processed with Adobe Photoshop 7.0,
and only general contrast enhancements and color level adjustments
were performed.

Stereological counting of the hippocampal subfields was done as de-
scribed previously (Kempermann et al., 1997). Stereolnvestigator soft-
ware (MicroBrightField, Williston, VT) controlling an epifluorescence
microscope (Nikon Eclipse E600) was used. The grid size for the granule
cell layer was 150 pm? and for the CA fields was 250 wm % The counting
frame size for the GCL was 10 um ? and for the CA fields was 15 wm 2. The
coefficient of error (Gundersen) was between 0.07 and 0.15 for the GCL
and 0.08 and 0.31 for the CA fields.

Behavioral analysis. All animals in the survival groups were tested in a
hippocampus-dependent object recognition task (controls, n = 8; KA,
n = 10). Rats were habituated to the testing room (45 min) and the empty
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testing chamber (5 min) for 3 d. The testing chamber was an opaque
plastic chamber (61 X 42 X 37 cm) with regular rodent bedding. On
testing day, the animals were set into the testing chamber for 1 min to
rehabituate. Then two identical objects were placed into the testing
chamber, and the rat was allowed to explore the objects for 15 min
(“familiarization”). After a 3 h delay, the rat was replaced into the testing
chamber again with one object identical to one used in the familiarization
phase and a new object (“testing”). The rats were given 15 min to explore
the familiar and new objects during the testing phase. The familiarization
and testing phases were filmed with a digital video camera for off-line
analysis. The analysis was done using the software developed by Robert E.
Clark (University of California, San Diego, La Jolla, CA) using a hand-
held game controller (Clark et al., 2000). The complete exploration time
during the familiarization was scored. During the testing phase, the first
30 s of cumulative exploration time was scored. Two main criteria had to
be fulfilled to be scored as exploratory behavior: (1) the animal’s nose had
to point toward the object not farther away than one rat head’s length,
and (2) there had to be a movement of the whiskers. The testing chamber
and used objects were washed with 70% ethanol before the next rat was
tested. All of the objects used were made of plastic and did not differ in
overall size but differed in shape and color. Objects and positions in the
testing chamber were systematically counterbalanced between groups.

Recording of the EEG and EMG. EEG/EMG recordings were performed
as described previously (Beuckmann et al., 2004). Female Fisher 344 rats
(180-200 g; n = 3 per group) were anesthetized (50 mg/kg ketamine, 5
mg/kg xylazine, and 1 mg/kg acepromazine, i.p.), held in a stereotaxic
apparatus, and surgically implanted under sterile conditions with a min-
iaturized prefabricated block of recording electrodes. The electrode block
was lowered stereotaxically until the electrodes just penetrated the skull
and just touched the dura. This depth was critical to ensure that the lower
end of the electrode made electrical contact with the dura but did not
penetrate it. The electrode block was then affixed to the skull using a glass
ionomer dental cement (Ketac Cem, ESPE; 3M, St. Paul, MN). EEG
signals were recorded unilaterally from a fronto-occipital electrode pair,
positioned 1.5 mm rostral and 1.45 mm laterally from bregma, and 6.1
mm caudal and 1.45 mm lateral from bregma. EMG signals were re-
corded concurrently from two flexible wires, insulated except at the tips,
and implanted bilaterally by blunt dissection into the nuchal muscu-
lature. All rats recovered from the surgery and were habituated to the
recording conditions for 3 weeks before recording commenced.
Throughout the recording, the rats were tethered via a lightweight cable
that was attached to a counterbalanced arm (SMCLA; Instech Laborato-
ries, Plymouth Meeting, PA) mounted to the side of a standard shoebox
cage, with the top cut away. EEG/EMG signals were recorded under
controlled conditions (12 h light/dark cycle; 24 = 1°C) for 3 consecutive
days. Signals were digitized at 250 Hz, recorded to hard disk, and subse-
quently archived to optical media for off-line analysis. Concurrently with
EEG/EMG recording, the behavior of the rats was videotaped for 4 h.
Using customized display software, each 24 h EEG record was visually
screened in 20 s epochs for seizure epochs, the timing and duration of
each seizure was noted, and comparison was made against the behavior
of the rat from the synchronized video record during the initial period.
The display was in terms of 20 s epochs. Seizures were characterized as a
spike-wave pattern on the EEG, usually accompanied by atonic periods
or sustained rhythmic contractions on the EMG. Repetitive spike-wave
patterns were frequently observed, sometimes accompanied by rhythmic
slow activity. Fast waves of increasing amplitude and decreasing fre-
quency could also be seen. Subclinical seizures were typically evident on
the EEG record as a lower-amplitude abnormal wave pattern without
change to the EMG. Each seizure lasting for 2 s or more was noted, and
those that occurred within 5 s of each other were considered the same
seizure. Analysis was in terms of the total number and of the mean
duration of seizures during the 12 h dark and light periods.

Statistics. All statistical analyses were performed using Statview 5.0.1
(SAS Institute, Cary, NC). For all comparisons, ANOVA was performed
followed by Fisher’s post hoc test, when appropriate. Differences were
considered statistically significant at p < 0.05.

J. Neurosci., May 30, 2007 - 27(22):5967-5975 = 5969

Baseline KA+saline (3d) KA+VPA (3d)
MJA(\IAJ gy
VAL
g BRIl
Lu H
L 1 Y [ 1 \“ i U' |
; N
‘I|J| [ Il .\é ‘ b 1 ,
T H“'w“ il Al 4|
w |\|\>.\ H‘n 1\.n|\”
i T
| AT
35 1
& [] KA+saline
o) H KA+VPA
» 304
o
Y
B 251
=
7]
“ 20 1 '|'
o]
Qo 151
£
2
o 107
o))
o
2
<
1 day 2 days 3 days
Figure 1.  Representative examples of EEG monitoring at baseline and spike-wave activity

characteristic of seizures in KA-treated animals receiving saline or VPA injections after 3 d.
Quantification of the average number of spikes per 20 s time period between VPA- and saline-
treated seizure animals at 1, 2, and 3 d, showing no significant difference between the two
groups.

Results

KA-induced subclinical seizures persist with VPA treatment
We used KA to induce SE in Fisher 344 rats, because they show
relatively little variance in their response to KA (Golden et al.,
1995). Seizures could be detected behaviorally within 1 h after KA
injection and lasted for at least 2-3 h. To examine whether VPA
affected seizure activity, we injected rats with either VPA or saline
5 h after initial seizure onset and started EEG monitoring. Both
groups showed similar, pronounced spike-wave epileptiform dis-
charges consistent with behavioral seizures during the first 24 h
(Fig. 1). Even after overt behavioral seizures subsided after the
first day, both seizure groups still showed spike wave activity
characteristic of subclinical seizures for up to 3 d of EEG/EMG
monitoring. Thus, VPA treatment in seizure animals did not sig-
nificantly affect seizure strength or frequency in the first 3 d after
KA injection compared with untreated seizure control animals.

VPA inhibits seizure-induced neurogenesis in the adult
dentate GCL

To examine the potential effects of VPA on seizure-induced neu-
rogenesis, we used the thymidine analog BrdU to label dividing
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cells and their progeny. The animals were
separated into two groups, an early group A
receiving 7 d of BrdU injections and killed
1 d after the last BrdU injection (prolifer-
ation group) and a late group receiving 7 d
of BrdU injections and killed 4 weeks later
(survival group). Consistent with previ-
ous reports (Bengzon etal., 1997; Parent et
al., 1997; Scott et al., 1998), seizure activity
induced a strong increase in BrdU-
positive cells in the DG of animals in the
early group compared with animals in-
jected with saline or VPA only (Fig. 2A-E)
(p < 0.01). Animals receiving daily VPA
injections after KA-induced seizures dis-
played reduced levels of BrdU-positive
cells compared with seizure animals with-
out VPA (Fig. 2A-E).

To determine the phenotype of divid-
ing cells mediating the KA-induced in-
crease in cell proliferation in the presence
or absence of VPA, we analyzed proliferat-
ing progenitors (using Ki67 as a marker of
cycling cells) (Gerdes et al., 1983; Kee et
al., 2002) for their coexpression of DCX, a
marker for dividing neuroblasts and im-
mature neurons (Brown et al., 2003;
Couillard-Despres et al., 2005; Jessberger
et al., 2005) by confocal microscopy. The
number of Ki67-positive colabeling with
DCX increased in animals treated with
KA (Fig. 2K,L) (p < 0.01). However,
KA-injected animals treated with VPA did
not display an increase in DCX-Ki67 dou-
ble-positive cells and showed levels similar
to those in control and VPA-treated only
animals (Fig. 2L).

We next examined the number of
BrdU-labeled cells in the DG of animals in
the survival group. Reflecting the strong
increase in proliferation soon after SE,
there was a significant increase in the
number of BrdU-positive cells in KA-treated animals. Strikingly,
the seizure-induced increase in net neurogenesis was significantly
reduced with VPA treatment (Fig. 2 F-J). To identify the pheno-
type of BrdU-labeled cells 4 weeks after the last BrdU injection,
we determined the percentage of cells that were positive for BrdU
and positive for NeuN, a marker of mature neurons or S1003, a
Ca’"-binding protein expressed by astrocytes. We did not find
any significant differences in relative neuronal or glial differenti-
ation of newborn cells (data not shown). However, the absolute
number of BrdU-NeuN double-positive cells in the KA-treated
group was substantially increased compared with that in control
and VPA-alone animals (Fig. 3A—C). Notably, seizure animals
that had received VPA injections showed numbers of newborn
neurons that were comparable with those in control animals,
showing that VPA potently inhibited seizure-induced neurogen-
esis in the adult hippocampus.
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Figure 2.

VPA normalizes the morphology of newly generated dentate
granule cells after seizures

One of the characteristic changes seen after SE is the presence of
hilar basal dendrites arising from granule cells that fail to retract
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zone (blue, NeuN) 8 d after SE. L, The percentage of DCX/Ki-67 colabeled cells is increased 8 d after SE compared with controls. VPA
treatment prevents aberrant DCX-positive progenitor cell activation. Scale bars: (inJ) B-J, 100 um; K, 20 em. *p << 0.01.

and extend their processes deep into the hilus (Buckmaster and
Dudek, 1999; Dashtipour et al., 2003; Shapiro and Ribak, 2006).
The presence of these hilar basal dendrites on dentate granule
cells as well as ectopic hilar granule cells after seizures could lead
to a recurrent excitatory circuitry (Ribak et al., 2000; Scharfman
et al., 2000). Therefore, we analyzed the extent of DCX-positive
basal dendrites reaching into the hilus. Confirming previous re-
sults (Dashtipour et al., 2003; Shapiro and Ribak, 2006), we
found a significant increase in the length and number of dendritic
processes reaching into the hilus 8 d after KA-induced seizures
compared with controls (Fig. 3E). VPA treatment of seizure ani-
mals almost completely prevented the formation of hilar basal
dendrites and normalized the morphology of newborn granule
cells similar to controls (Fig. 3E).

VPA inhibits seizure-mediated neurogenesis by regulating
changes in gene expression

The observation that there was a decrease in the number of new-
born neurons and normalized morphology after seizures with
VPA treatment led us to investigate how VPA acts to block the
detrimental effects of seizure-induced neurogenesis. The effect of
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Figure3.
A-(, Compared with control animals (4), the number of new neurons (arrowheads) 4 weeks after the last BrdU injection is
dramatically increased after KA injection (B; red, BrdU; blue, NeuN; green, S1003). VPA treatment significantly reduced the
number of new neurons after SE (C). D, E, VPA treatment inhibited the formation of basal dendrites reaching into the polymorphic
cell layer (D). Representative examples of DCX-immunoreactive cells in saline (CON), VPA-treated (VPA), KA-injected (KA), and
KA-injected plus VPA-treated (KA VPA) animals killed 8 d after SE (E). Arrowheads point toward hilar basal dendrites. Scale bars: 4,
E, 20 pm. *p < 0.01.

KA-induced seizures on NRSF transcripts has been studied in the
adult brain (Palm et al., 1998). The researchers found increased
expression of NRSF in granular neurons of the DG 4 h after KA
treatment and increased expression in the pyramidal layers CA1—
CA4 24 h after KA treatment. In our experiments, a time course
RT-PCR after KA treatment was performed (Fig. 4A). Indeed,
NRSF mRNA levels were significantly increased in both the DG
and CA3 as early as 6 h after KA injection and remained elevated
throughout the course of the experiment (Fig. 4A). In other ex-
periments, NRSF levels returned to baseline at 3 d after KA treat-
ment, suggesting that there may be a critical period initially after
SE that NRSF regulation of direct downstream target genes is
occurring. NRSF protein levels appeared relatively unchanged in
control and KA-treated animals at various time points (3 h to
3 d), although there may be slightly increased NRSF protein levels

II JII UI'

o“ e 4.‘3?‘ S§ P& 4‘2? 539 & ﬁ

VPA treatment abates the number of seizure-generated neurons and decreases the formation of hilar basal dendrites.
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at the 1 d time point with KA treatment in
both DG and CA3 (Fig. 4B).

KA-induced seizures have been shown
to upregulate the expression of some
NRSF target genes, such as BDNF (Zafra et
al., 1990; Tongiorgi et al., 2004) and NaCh
II (Gastaldi et al., 1997), and downregu-
late the expression of other genes, such as
GluR2 (Grooms et al., 2000; Sanchez et al.,
2001). We found that there are gene-
specific differences among various NRSF
target genes (i.e., GluR2, BDNF, synapsin
I) with respect to their upregulation or
downregulation after KA in the DG at 3
and 24 h (Fig. 4C). We also observed
GluR2 protein levels were down by 3 d
with KA treatment in both DG and CA3,
which has been suggested previously to be
one of the critical genes downregulated af-
ter seizures (Fig. 4 B) (Pollard et al., 1993;
Friedman et al., 1994). Interestingly, ani-
mals receiving both KA and either VPA
(K/V) or TSA (K/T) displayed high levels
of NRSF-regulated gene expression as
early as 3 h (as for BDNF and synapsin I)
and, in some cases, up to 24 h (as for
BDNF). In the case of GluR2, there was
downregulation of the message after KA
induction by 24 h, which was prevented
with VPA or TSA treatment (Fig. 4C). This
finding is consistent with results from
Huang et al. (2002), who demonstrated
that TSA prevented the downregulation of
GluR2 in CA3 after pilocarpine-induced
seizures (Huang et al., 2002). As for BDNF
(at3and 24 h) and synapsinI (at 3h), VPA
or TSA treatment in KA-injected animals
kept the mRNA levels high; however, the
level of synapsin I dropped back down to
baseline by 24 h. These results suggest that
NRSF and a subset of NRSF target genes
may be preferentially dysregulated after
KA-induced seizures and that VPA,
through HDAC inhibition, may function
to normalize these aberrant changes in
gene expression.

In the above experiments, animals
were first pretreated with VPA or TSA for
1 h before seizure induction to maximize the levels of HDAC
inhibitors during SE (as described previously by Huang et al.,
2002). In a follow-up study, we treated seizure rats with VPA
(K/V), TSA (K/T), or valpromide (K/M) 5 h after onset of SE,
which is identical to the paradigm for the neurogenesis and be-
havioral studies with the addition of a second HDAC inhibitor
(Fig. 4D). Similar to the pretreatment scheme, VPA and TSA
(although to a lesser extent) prevented the KA-induced down-
regulation of GluR2. Interestingly, the antiepileptic valpromide
(K/V), which is an amide analog of VPA but is not an HDAC
inhibitor (Gottlicher et al., 2001), does not block the downregu-
lation of GluR?2 after KA treatment. Together, these data suggest
that VPA blocks seizure-induced neurogenesis via inhibiting
HDAC:, possibly through modulation of NRSF activity and neu-
ronal target genes.
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Figure 4.  VPA inhibits seizure-mediated neurogenesis by normalizing changes in gene ex-
pression. A-D, RT-PCR and Western blot analysis of DG and CA3 from saline-injected (Cont) and
KA-injected (KA) rats from 1hto 3 d (4, B). RT-PCR of DG and CA3 from control (Cont) and seizure
(KA) rats from 1—24 h (A). Representative Western blots of DG and CA3 from control (Cont) and
seizure (KA) animals from 3 h to 3 d (B). RT-PCR of DG from saline-injected (Cont) and KA-
injected animals receiving either VPA (K/V) or TSA (K/T) (1 h before treatment) and RNA har-
vested 3 and 24 h after onset of seizures (C). RT-PCR of DG from control (Cont) and KA-treated
rats with VPA (K/V), TSA (K/T), or valpromide (K/M) given 5 h after seizure onset, and RNA was
harvested 24 h later (D). GAPDH and/or 3-actin (data not shown) were used as normalization
controls. Data are representative of at least three independent experiments.

Neuronal cell death does not appear to be affected by VPA
These results indicated that VPA potently inhibited seizure-
induced, aberrant neurogenesis by normalizing HDAC-
regulated gene expression. Recent studies have suggested that
VPA has a neuroprotective effect after traumatic brain injury
(Morland et al., 2004; Ren et al., 2004). Because KA-induced
seizures result in a considerable amount of neuronal cell death
(Ben-Ari and Cossart, 2000; Bengzon et al., 2002), we next ana-
lyzed whether VPA had a neuroprotective effect after KA-
induced seizures, in addition to its inhibition of seizure-induced
neurogenesis. We stained sections from all rats of the survival
groups with Fluoro-Jade B, which labels degenerating neurons
(Schmued and Hopkins, 2000). Careful visual analysis by two
blinded investigators did not reveal any significant differences in
the amount of neuronal cell death, observed throughout the
brains of seizure animals that did or did not receive VPA injec-
tions (Fig. 5A-D). Nevertheless, we sought unbiased, quantitative
numbers of surviving neurons. Therefore, we stereologically as-
sessed cell densities of the hippocampus in all rats that were killed
5 weeks after seizure induction. Confirming previous results, we
found decreased neuronal cell densities within the DG in all rats
that had experienced SE (Fig. 5E) (Holtkamp et al., 2005). Im-
portantly, the VPA-treated animals showed a comparable degree
of neuronal degeneration in the dentate area as the untreated
KA-injected animals (Fig. 5E,F). In addition, we did not detect
any neuroprotective effect of VPA on pyramidal cells in the cornu
ammonis (data not shown). In summary, VPA treatment did not
result in a substantial neuroprotective effect after KA-induced
seizures in the adult rat.

Improved hippocampal function in VPA-treated,

KA-injected animals

Prolonged seizure activity eventually leads to severe impairment
in cognition and in learning and memory in humans but also in
rodent models of temporal lobe epilepsy (TLE) (Stafstrom et al.,
1993; Holmes, 1997; Helmstaedter, 2002; Stefan and Pauli, 2002;
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Elger et al., 2004). VPA treatment blocked aberrant neurogenesis
after KA-induced SE and thus inhibited the excess addition of
seizure-generated granule cells into the preexisting dentate cir-
cuitry. Given this finding, we hypothesized that VPA treatment
may protect KA-treated animals from cognitive impairment by
inhibiting the addition of new, aberrant neurons to the adult
GCL. We tested all rats in the survival groups 5 weeks after seizure
induction in a hippocampus-dependent object recognition test
(Clark et al., 2000). All groups showed comparable levels of ex-
ploratory behavior (Fig. 6 A), and we found no preference for one
of the objects used in this experiment (data not shown). After a
3 h delay, a new object was introduced into the testing chamber
together with an identical copy of the familiar object. Control
animals showed a strong preference to explore the new object
within the first 30 s of exploration (Fig. 6 B). In clear contrast, rats
that had experienced KA-induced seizures spent the same
amount of time exploring the familiar object as they did explor-
ing the new object, indicating impairment in hippocampus-
dependent object memory (Fig. 6 B). Strikingly, this phenotype
was completely prevented in the VPA-treated KA-injected ani-
mals, which showed a preference toward the novel object similar
to controls (Fig. 6 B) (p < 0.001; F = 27.3). Given this finding,
VPA treatment protected KA-injected animals from the cognitive
impairment that was detectable in untreated KA-injected animals
in a hippocampus-dependent object recognition test. Because
previous studies had shown that the increase in proliferative ac-
tivity occurred mainly during the first 14 d after SE (Parent et al.,
1997) and to strengthen the association between seizure-induced
neurogenesis and subsequent memory impairment, we re-
stricted, in a separate experiment, the duration of VPA injections
to the first 2 weeks after KA injection. Paralleling our first exper-
iment, we found a robust inhibition of seizure-induced neuro-
genesis by short-term VPA treatment (in this experiment, the
animals were killed 2 and 4 weeks after SE). Strikingly, treatment
for 14 d after SE with VPA also prevented seizure-associated
memory impairment (tested 4 weeks after SE) at a comparable
level with the long-term VPA treatment (data not shown).

Discussion

Here we show that aberrant neurogenesis induced by seizure ac-
tivity within the hippocampal circuitry was potently blocked by
the antiepileptic drug VPA. The efficacy of VPA in decreasing the
neurogenic response to seizure activity appeared to be mediated
by VPA-induced inhibition of HDACs and subsequent normal-
ization of HDAC-dependent gene expression. Strikingly, animals
that had experienced SE, but received VPA treatment, did not
show seizure-associated cognitive impairment in a hippocampus-
dependent object recognition test.

After decades of controversy, the finding that new neurons are
added into the hippocampal circuitry throughout life is now
broadly accepted (Gage, 2002). However, the functional signifi-
cance of adult neurogenesis remains unclear (Kempermann,
2002; Schinder and Gage, 2004). Supporting a functional role for
physiologically generated new granule cells is the finding that
ablation of new neurons with cytostatic drugs or irradiation cor-
relates with impairment in some hippocampus-dependent learn-
ing tasks (Shors et al., 2001, 2002; Snyder et al., 2005), although
the specificity of the above-mentioned ablation techniques
(Monje et al., 2002) is subject to controversy within the field of
adult neurogenesis (Dupret et al., 2005). Interestingly, seizure
activity within the hippocampal formation induces the formation
of new granule cells, apparently without having a beneficial effect
on learning and memory. Given this finding, it has been specu-
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0.01.

lated that new neurons generated in response to epileptic activity
may contribute to the pathological consequences of SE rather
than represent an attempt by the injured brain to replace lost cells
(Parent, 2002; Parent and Lowenstein, 2002). What distinguishes
seizure-induced neurogenesis from physiological neurogenesis?
Furthermore, might certain antiepileptic drugs modulate
seizure-induced neurogenesis?

Seizure activity leads to increased proliferative activity of
DCX-positive dividing cells, presumably representing commit-
ted neuroblasts (Jessberger et al., 2005). Currently, the conse-
quences of increased activity of DCX-positive cells remain to be
characterized (Jessberger et al., 2005). Nevertheless, this abnor-
mal activation of late progenitors was completely absent in rats
treated with the antiepileptic drug VPA. Furthermore, the hilar
extension of basal dendrites arising from seizure-generated gran-
ule cells was prevented by VPA treatment of KA-injected animals.
Previous studies suggested that extensive basal dendrites might
contribute to recurrent excitatory circuits interfering with nor-
mal synaptic transmission (Ribak et al., 2000; Dashtipour et al.,
2003; Overstreet-Wadiche et al., 2006; Shapiro and Ribak, 2006).

In striking contrast to the KA and pilocarpine rat and mouse
model of TLE that are all associated with dramatic morphologic
changes of seizure-induced granule cells (Parent et al., 1997;

Seizure-induced cell death in the dentate area is not affected by VPA treatment. A-D, Fluoro-Jade B staining of saline
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Scharfman et al., 2000; Overstreet-
Wadiche et al., 2006; Shapiro et al., 2006),
Jakubs et al. (2006) recently reported that
granule cells that are born after SE induced
by electrical stimulation are less excitable
than granule cells born in running rats.
Jakubs and colleagues speculated that de-
creased excitability of seizure-induced
cells might be an attempt of the injured
brain to restore brain homeostasis. The
reasons for the discrepancy between their
findings (regular morphology) and other
reports (extensive changes in granule cell
morphology after SE) remain unknown
but might be explained by the different
seizure models used in the respective
studies.

Besides the normalization of seizure-
associated morphological changes after
KA-induced seizures, we found a signifi-
cant reduction in the number of seizure-
generated neurons in VPA-treated ani-
mals. This effect of VPA appeared to be
mainly mediated by inhibition of seizure-
induced cell proliferation. Indeed, the
cyclin-dependent inhibitor p21WAF1/CIP1 is a common target
induced by short-chain fatty acid HDAC inhibitors such as VPA
and sodium butyrate (Gurvich et al., 2004) and is rapidly induced
with VPA treatment after KA treatment (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). Previ-
ously, our group reported that VPA and other HDAC inhibitors
have the ability to block adult hippocampal neural progenitor cell
proliferation and promote neuronal and suppress glial differen-
tiation, respectively (Hsieh et al., 2004). The mechanism of VPA
as an antiepileptic has remained elusive (Owens and Nemeroff,
2003). Two possible models to explain the nature of its effects on
blocking aberrant neurogenesis include a direct versus indirect
mode of action. An example of an indirect course of action is that
VPA blocks seizure activity, possibly through the modulation of
GABA levels, and the reduction of seizure activity and/or recur-
rent seizures leads to the decrease in aberrant neurogenesis. We
think that several arguments speak against the explanation that
VPA injections simply reduce initial seizure activity. First of all,
we injected the first VPA dose 5 h after the onset of SE. At that
time, behavioral seizure activity had already been terminated.
Previous studies also showed that even milder seizures induce the
maximum amount of neurogenic cell proliferation (Mohapel et
al., 2004). Second, our EEG data suggested that VPA does not
significantly alter seizure strength or frequency in seizure rats
compared with saline controls early after KA injection.

Thus, we favor the alternative model: the actions of VPA di-
rectly inhibit HDACs and normalize changes in gene expression
after seizures. Among the numerous genes that change after sei-
zure induction (Elliott et al., 2003; Majores et al., 2004), it was
reported recently that, after pilocarpine-induced SE, changes in
two NRSF-regulated neuronal genes, GluR2 and BDNF, could be
prevented by the HDAC inhibitor TSA (Huang et al., 2002). Be-
cause there is also a rapid induction of NRSF mRNAs in the
hippocampus after seizures (Palm et al., 1998), NRSF may func-
tion as a context-dependent regulator of gene expression in both
neurons and non-neuronal cells. Immunohistochemistry exper-
iments revealed detectable levels of NRSF in the dentate granule
celllayer of adult rat hippocampus (supplemental Fig. 2, available

VIPA KA

KA VPA
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at www.jneurosci.org as supplemental material). The specific cell
types that differentially express NRSF after seizure activity re-
main unknown. Nevertheless, modulation of NRSF expression
and/or activity [i.e., by small noncoding RNAs matching the
same sequence as the NRSF binding site called NRSE smRNAs
(Kuwabara et al., 2004)] could be a critical event in seizure-
mediated neurogenesis. Additional experiments are needed to
determine whether NRSF gene expression and/or NRSF protein
activity become dysregulated after SE and whether VPA and
other HDAC inhibitors act on the expression of NRSF itself,
which in turn might affect downstream target genes or act di-
rectly on the expression of NRSE-containing neuronal genes. In
fact, a recent study has found that VPA treatment could signifi-
cantly reduce seizure-induced expression of two immediate early
genes, c-fos and c-Jun, reinforcing the idea that VPA belongs to a
class of antiepileptic drugs that normalizes the expression of
seizure-induced genes (Szot et al., 2005). What might be the re-
sult of aberrant seizure-induced gene expression? Simplified, two
features reflecting human pathology are associated with the KA
rodent model of human TLE: epileptogenesis (the occurrence of
spontaneous seizures after a latent period) and cognitive impair-
ment (Helmstaedter et al., 2003). Altered gene expression within
mature hippocampal neurons but also aberrant gene expression
that results in disturbed neurogenesis may be responsible for
these two consequences of prolonged epileptic activity within the
hippocampal circuitry. Here we report that VPA treatment ro-
bustly prevented seizure-induced neurogenesis and protected
animals that had experienced SE from seizure-associated impair-
ment in a hippocampus-dependent learning task. To assess hip-
pocampal function, we used an object recognition task with a
time interval between the presentation of a new object relative to
the familiarization that depends on intact hippocampal function
in rodents (Clark et al., 2000). Rats that had experienced KA-
induced SE showed a severe impairment in this test. This finding
was in striking contrast to the performance of SE animals that had
received VPA injections. Interestingly, it has been reported pre-
viously that patients with TLE display deficits in recognition
memory (for review, see Elger et al., 2004). In addition, a previous
study showed the prevention of cognitive impairment after KA-
induced seizures by VPA treatment using the Morris water maze
(Bolanos et al., 1998). Therefore, the inhibition of aberrant
seizure-induced neurogenesis and the morphological normaliza-
tion of neurons that were generated in response to SE by VPA
treatment might at least partially explain the observed protection
from seizure-associated cognitive impairment. At this point, we
cannot determine the relative impact of the increased numbers or
altered morphology of seizure-generated neurons on cognitive
performance after SE.

Given the variety of cellular and molecular changes after SE, it
is clear that KA-induced aberrant neurogenesis is not the sole
cause of cognitive impairment associated with seizure activity.
Therefore, ongoing studies will address the functional conse-
quences of seizure-generated neurons on a single-cell level and
the effects of aberrant neurons on hippocampal synaptic trans-
mission. In addition, future ablation studies will further charac-
terize the relative contribution of seizure-induced neurogenesis
to impaired learning and memory after SE.
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