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ABSTRACT  Neuronal apoptosis was observed in the rat
dentate gyrus in two experimental models of human limbic
epilepsy. Five hours after one hippocampal kindling stimulation,
a marked increase of in situ terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick-end labeling (TUNEL) of frag-
mented DNA was observed in nuclei located within and on the
hilar border of the granule cell layer and in the polymorphic
region. Forty kindling stimulations with 5-min interval produced
higher numbers of labeled nuclei compared with one stimulation.
The increase of TUNEL-positive nuclei was prevented by the
protein synthesis inhibitor cycloheximide but not affected by the
N-methyl-D-aspartate receptor antagonist MK-801. Kainic acid-
induced seizures lead to a pattern of labeling in the hippocampal
formation identical to that evoked by kindling. A large propor-
tion of cells displaying TUNEL-positive nuclei was double-
labeled by the neuron-specific antigen NeuN, demonstrating the
neuronal identity of apoptotic cells. Either 1 or 40 kindling
stimulations also gave rise to a marked increase of the number
of cells double-labeled with the mitotic marker bromodeoxyuri-
dine and NeuN in the subgranular zone and on the hilar border
of the dentate granule cell layer. The present data show that
single and intermittent, brief seizures induce both apoptotic
death and proliferation of dentate gyrus neurons. We hypothe-
size that these processes, occurring early during epileptogenesis,
are primary events in the development of hippocampal pathology
in animals and possibly also in patients suffering from temporal
lobe epilepsy.

Human temporal lobe epilepsy is frequently associated with a
marked loss of hippocampal and dentate gyrus neurons. Al-
though this degeneration, called hippocampal sclerosis, was rec-
ognized early on (1-3), it is still controversial whether neuronal
death is directly involved in the pathophysiology of epilepsy or is
just a secondary phenomenon following severe recurring or
prolonged seizures. Recent experimental evidence suggests that
cell loss can be the result of intense seizure activity and can
promote further progression of the epileptic disease (4). It has
been well documented that severe and sustained seizures, known
as status epilepticus, lead to neuronal degeneration in the human
hippocampus within hours from onset (5). Also, experimentally
produced status epilepticus in animals consistently causes neu-
ronal loss in a pattern mimicking that of the human condition (see
ref. 6). Seizure-induced cell death has traditionally been discussed
in the context of excitotoxic mechanisms and degeneration
through necrosis (7, 8). More recently, however, it has been shown
that apoptosis contributes to the degeneration following status
epilepticus in rats (9-12). Even if longer periods of seizure
activity, lasting for hours, invariably cause death of hippocampal
neurons, it is unclear if single or intermittent seizures, with a
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duration in the range of minutes, can lead to neuronal damage.
It seems highly warranted to explore this possibility because
repeated, brief seizures are a feature of human temporal lobe
epilepsy. Kindling, an animal model of this type of epilepsy, is
particularly suitable for this purpose. In kindling, a permanent
epileptic state is produced by a series of brief seizures induced by
electrical stimulation (13). The progressive development of sei-
zures in kindling, through well-defined stages, enables a detailed
assessment of cellular degeneration during epileptogenesis. Pre-
vious studies using conventional methods for estimation of cell
numbers have not detected any cell loss at early stages of kindling
development (14, 15). At later stages, when hyperexcitability has
developed and generalized seizures with tonic—clonic convulsions
occur, a mild to moderate cell loss, starting in the dentate gyrus,
has been observed (14, 15), although these findings remain
controversial (16-20). However, the net effect of seizures on
hippocampal cell numbers may be quite complex due to dentate
granule cell neurogenesis, which occurs in adult rodents and
nonhuman primates (21), and can be increased by status epilep-
ticus (22).

The main objective of the present study was to clarify if brief,
single, and recurrent epileptic seizures, induced by hippocam-
pal kindling stimulations, can lead to apoptotic cell death as
assessed by highly sensitive in situ DNA fragmentation anal-
ysis. In addition, we compared the pattern of apoptosis after
kindling with that observed in another model of limbic epi-
lepsy, systemic kainic acid treatment, which causes status
epilepticus. Finally, we explored the possibility that kindling-
evoked seizures influence neurogenesis in the dentate gyrus.

MATERIALS AND METHODS

Kindling Procedure. Animal care procedures followed local
health care guidelines. Male Sprague—-Dawley rats (B&K
Universal, Stockholm) weighing 280-300 g were anesthetized
using Equithesin (3.0 mlykg i.p.) and mounted in a Kopf
stereotaxic frame. A twisted bipolar, plastic-coated stainless-
steel electrode with an outer diameter of 0.28 mm (Plastics
One, Roanoke, VA) was implanted into the right ventral
hippocampal CA 1 region at the following coordinates: tooth-
bar at 0; 4.8 mm caudal to bregma, 5.2 mm lateral to midline,
and 6.5 mm ventral to dura (23). A reference electrode was
placed between the skull and the left temporal muscle. Elec-
trodes were secured to the skull with screws and dental
acrylate. Ten days after surgery, 12 rats were given one
kindling stimulation (1 s, 100 Hz biphasic pulses of 1-ms
duration, 400 pA peak-to-peak amplitude delivered by a Grass
S-88 stimulator; Quincy, MA) and were killed 2, 5, and 24 h
later (n5 4 at each time point). Four age-matched, electrode-
implanted rats were connected to the stimulationyrecording
apparatus without receiving any stimulation and served as
controls. Another 28 rats were given 40 stimulations (10s, 10

Abbreviations: BrdU, bromodeoxyuridine; TUNEL, terminal de-
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Hz biphasic pulses of 1-ms duration at 400 pA) with 5-min
interstimulus intervals according to the rapid kindling protocol
of Lothman et al. (24). Behavioral seizures were scored as
follows (25): grade 0, normal behavior, wet dog shakes, arrest;
1, facial twitches; 2, head nodding, chewing; 3, forelimb clonus;
4, rearing, falling on forelimbs; 5, falling on the side or back,
hindlimb clonus. Seven groups of rats were decapitated 30 min,
2, 4, 12, 24, 72 h, and 7 days after the last stimulation (n 5 4
at each time point). Twelve rats underwent electrode implan-
tation and served as nonstimulated controls. Electroencepha-
lographic activity was monitored by a Grass 79D recorder.

Drug Pretreatment. In a separate experiment, cycloheximide
(Sigma—Aldrich; 2.0 mgykg s.c. in PBS, pH 7.4; volume 1.0 mlykg)
was given to four rats 30 min before a series of 40 rapid kindling
stimulations. Another four rats received vehicle injections. Cy-
cloheximide- and vehicle-pretreated rats together with 4 elec-
trode-implanted, nonstimulated rats were killed 2 h after termi-
nation of stimulations. At the dose used in this study, cyclohex-
imide effectively blocks ribosomal protein synthesis for more than
12 h (26). In another experiment, 7 rats received MK-801
(Research Biochemicals, Natick, MA; 1 mgykg i.p.), and 7
animals were given vehicle injections 30 min before 40 kindling
stimulations and were decapitated 2 h thereafter. In addition,
MK-801 or vehicle was administered to electrode-implanted rats,
which were nonstimulated (n 5 4 in each group).

Kainic Acid Treatment. Male Sprague—Dawley rats (90-110g;
n5 4)were given kainic acid (Sigma-Aldrich; 10 mgykg) s.c. and
observed for 1 h to confirm the presence of convulsions. Animals
were decapitated 4 h after onset of convulsions.

In Situ Analysis of DNA Fragmentation. After decapitation,
brains were immediately frozen on powdered dry ice. Coronal
cryostat sections (14 wm) were processed according to the
terminal deoxynucleotidyltransferase-mediated dUTP nick-end
labeling (TUNEL) Apoptag kit protocol (Oncor) modified from
Gavrieli et al. (27). Briefly, after fixation in 10% neutral buffered
formalin for 10 min at room temperature, sections were washed
in PBS (two times for 5 min) and postfixed in ethanolyacetic acid
(2:1) for 5 min at 2 20°C. After washing in PBS (two times for 5
min) and incubation in equilibration buffer for 5 min at room
temperature, reaction buffer containing digoxigenin-11-dUTP
and dATP as well as terminal deoxynucleotidyltransferase was
applied for 60 min at 37°C. A set of sections was incubated in the
absence of terminal deoxynucleotidyltransferase as a negative
control. After incubation in stop buffer for 10 min followed by
PBS (three times for 3 min), fluorescein conjugated antidigoxi-
genin antibody was applied together with blocking serum for 30
min at room temperature. After rinsing in PBS (three times for
5 min), intact DNA was stained by propidium iodide (ICN; 5
pgyml) for 15 min at room temperature. Finally, sections were
washed in PBS and briefly in destilled water before being dried
and mounted using Vectashield (Vector Laboratories). From
each animal, three to six sections taken at the level of the dorsal
hippocampus were analyzed blindly and independently by two
investigators using epifluorescence microscopy at 3 200 magni-
fication. The number of labeled nuclei was counted in an area
defined medially, dorsally, and ventrally by the outer margins of
the granule cell layer and laterally by a line through the lateral tips
of the dorsal and ventral blades of the granule cell layer.

Double-Labeling for in Situ DNA Fragmentation and NeuN.
Subsequent to visualization of fragmented DNA using the
TUNEL method, sections were incubated in 10% normal
horse serum and 0.40% Triton X-100 in PBS for 1 h at room
temperature. A mouse monoclonal anti-NeuN antibody
(Chemicon) (28) at a dilution of 1:100 in 5% normal horse
serum and 0.10% Triton X-100 was then applied overnight.
After washing in PBS (three times for 10 min), sections were
incubated with a biotinylated secondary horse-anti-mouse IgG
antibody (1:100; Vector Laboratories) for 1 h at room tem-
perature followed by three times for 10 min in PBS. Texas-red
avidin D (1:100; Vector Laboratories) was applied for 1 h at
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room temperature, and sections were then finally rinsed in PBS
and briefly in water before being dried and mounted in
Vectashield. Visualization of intact nuclear DNA using pro-
pidium iodide (ICN) was omitted on sections double stained
for apoptosis and NeuN. Sections were analyzed in conven-
tional epifluorescence light as well as in a Bio-Rad confocal
laser scanning microscope.

Silver Staining. Six rats (280-300 g) were given kainic acid
(7 mgykg s.c.) and killed at 4 h (n 5 3) or 12 h (n 5 3) after
the onset of convulsions. Two vehicle-injected animals served
as controls (one at each time point). Another 8 animals were
givenl (n5 4)or40 (n5 4) kindling stimulations and killed
at 5 or 2 h, respectively, after the last stimulation. Visualization
of degenerating cells was performed according to Nadler and
Evenson (29). Briefly, rats were perfused transcardially with 50
ml of 0.9% NaCl followed by 250 ml paraformaldehyde in 0.1
M phosphate buffer (pH 7.2). One hour after perfusion, the
brains were removed from the skull and postfixed in the same
solution for at least 24 h. After cryoprotection of the tissue in
30% sucrose, 40-um-thick sections were cut on a freezing
microtome. Sections were washed in 0.1 M Tris buffer (pH 7.6)
followed by washing three times for 5 min in dH>0. After
pretreatment in 4.5% NaOH and 8% NHNOj3, sections were
incubated in impregnation solution (5.4% NaOHy6.4%
NHNO30.2% AgNO3 in dH>0) for 10 min and then washed
in 31.6% ethanoly0.5% Na>CO3y0.12% NHNO3. The stain-
ing was developed in 0.05% citric acidy0.55% formaldehydey
9.5% ethanoly0.12% NH NOj3 for 3-5 min. Finally, sections
were rinsed in 0.1 M Tris buffer (pH 7.6), mounted, dehy-
drated, coverslipped, and analyzed by light microscopy. The
number of labeled cells within the dentate gyrus granule cell
layer and hilus was quantified by two independent observers.

Analysis of Cell Proliferation. Eighteen electrode-implanted
rats were either left unstimulated or given 1 or 40 kindling
stimulations (n 5 6 in each group). Five days later, all rats
received four injections of bromodeoxyuridine (BrdU; Sigma—
Aldrich; 37.5 mgykg ip.) with 8-h intervals. Two weeks later,
animals were perfused and brains were processed for double-
label fluorescent immunocytochemistry with antibodies against
NeuN and BrdU. In brief, free-floating sections were denatured
by incubation for 2 h in 50% formamidey23 SSC (0.3 M
NaCly0.03 M sodium citrate) at 65°C, rinsed for S min in 23 SSC,
followed by incubation in 2 M HCI for 30 min at 37°C. Sections
were rinsed three times for 10 min in PBS, preincubated in
blocking solution (0.25% Triton X-100y2% normal donkey se-
rumy2% normal horse serum in PBS) for 1 h at room temper-
ature and incubated overnight at 4°C with pooled primary
antibodies (rat anti-BrdU, 1:100, Harlan Sera-lab, Crawley Down,
U.K.; and mouse anti-NeuN, 1:100, Chemicon). The sections
were then rinsed three times for 10 min in blocking solution and
two secondary antibodies conjugated to Cy3 (donkey anti-rat-
1gG, 1:400, Jackson ImmunoResearch) and biotin (horse anti-
mouse, 1:200, Chemicon), respectively, were applied for 2 h in the
dark at room temperature. After rinsing three times for 5 min in
PBS, fluorescein avidin D (1:250, Vector Laboratories) diluted in
PBS with 0.25% Triton X-100 was applied for 2 h in the dark. The
sections were rinsed three times for 10 min in PBS, mounted,
coverslipped with Vectashield, and analyzed by conventional
epifluorescence light and confocal laser scanning microscopy.

The total number of BrdU-labeled cells and the number of
BrdU-positive, NeuN-positive cells within the dentate gyrus
granule cell layer and subgranular zone was counted in two to
five sections per animal.

Statistics. The number of nuclei positive for DNA fragmen-
tation in the different groups and the effect of cycloheximide
and MK-801 on DNA fragmentation were analyzed statisti-
cally using one-way ANOV A followed by Bonferroni-Dunn
post-hoc test. Comparisons of the number of nuclei positive for
DNA fragmentation between the left and right side, of the
number of proliferating cells between the groups, and of
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seizure characteristics were performed using Student’s paired
or unpaired t test. All values are given as means 6 SEM.

RESULTS

In each section from electrode-implanted but nonstimulated
control animals, a mean of 1.1 6 0.2 nuclei with fragmented
DNA, as visualized using the TUNEL technique, was observed
within the granule cell layer or immediately infragranular in
the polymorphic layer of the hilus (left and right side pooled;
Figs. 14 and 2A). This observation is consistent with previous
findings showing turnover of granule neurons at a low rate in
the normal adult hippocampus and elimination of cells through
apoptosis (30, 31). In regions outside the dentate gyrus, no
consistent in situ DNA fragmentation was seen.

One kindling stimulation produced focal epileptiform activity
in the hippocampus, so-called afterdischarge, lasting for 826 7 s.
No behavioral convulsions were observed (grade 0). Five hours
after the stimulus-evoked seizure, a significant increase in the
number of nuclei displaying DNA fragmentation was seen bilat-
erally in the dentate gyrus. The number of labeled nuclei was
214 6 32% of control (left and right side pooled; P, 0.05; Fig.
2A). The increased labeling in the dentate gyrus after one
stimulation was only observed at 5 h (Fig. 2A) and no change of
the number of labeled cells occurred in other regions. Labeled
nuclei were preferentially located along the hilar border of the
dorsal and ventral blade of the dentate granule cell layer (Fig. 1B).
A proportion of nuclei showing DNA fragmentation was also
seen within the granule cell layer, and a few labeled cells were
found within the hilar region of the dentate gyrus. Labeled nuclei
displayed morphological features characteristic of apoptotic cells
(Figs. 3 B and C). In addition to being intensely labeled using the
TUNEL technique, nuclear profiles considered to be positive
fulfilled at least one of the following criteria: shrinkage compared
with propidium iodide-stained intact nuclei, irregular, or lobu-
lated shape, association with smaller nuclear fragments, apoptotic
bodies. Furthermore, positive nuclei often displayed a clear
central zone surrounded by condensed chromatin. In control
sections, processed for TUNEL histochemistry in the absence of
terminal deoxynucleotidyltransferase enzyme, no positive signal
was detected.

Forty rapid kindling stimulations delivered with 5-min in-
terstimulus interval resulted in 2.3 6 0.8 generalized (grade
4-5) seizures. The mean afterdischarge duration in the hip-
pocampus was 356 5 s. Higher numbers of labeled nuclei were
observed within the dentate gyrus after forty seizures as
compared with one seizure (Figs. 1C, 2B, and 34). Two hours
after the last stimulation, the number of nuclei displaying
fragmented DNA was 415 6 87% of control (left and right side
pooled; P, 0.001). A significant increase in the number of
labeled cells was only observed at this time point, although a
trend toward higher numbers was seen at 0.5 and 4 h after the
last seizure. Interestingly, because the 40 stimulations were
given during 3 h and 15 min, the increase seen at 2 h following
C) 40 stimulations

A) control B) 1 stimulation
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the last seizure coincides with that observed at 5 h following
a single stimulation. Also after 40 seizures, increased numbers
of labeled nuclei were confined to the dentate gyrus granule
cell layer and hilus. There were no significant differences
between the left and right dentate gyrus in the number of
labeled nuclei after either 1 or 40 kindling-evoked seizures.
This finding indicates that the increased labeling was due to
seizure activity and not caused by the electrical current from
the unilateral stimulating electrode.

The N-methyl-p-aspartate receptor antagonist MK-801 did not
influence the number of labeled nuclei in the dentate gyrus after
40 kindling-induced seizures. As compared with nonstimulated
control, the increase of labeled nuclei in the dentate granule cell
layer and hilus was 181 6 52% and 2146 64% in MK-801-treated
and vehicle-injected rats, respectively. However, the animals
given MK-801 did not develop generalized seizures, and the
duration of seizure activity was significantly shorter as compared
with that in vehicle-injected controls (data not shown).

The increase in nuclear profiles labeled for fragmented
DNA in the dentate gyrus at 2 h after 40 kindling-induced
seizures was completely prevented by pretreatment with the
protein synthesis inhibitor cycloheximide. The vehicle-treated,
kindled animals exhibited a 340 6 34% increase in the number
of labeled nuclei in the dentate granule cell layer and hilus
compared with electrode-implanted, nonstimulated animals
(left and right side pooled; P, 0.05). In contrast, in cyclo-
heximide-treated kindled rats the number of labeled nuclei was
only 67 6 12% of that in nonstimulated controls (P, 0.01
compared vehicle-injected kindled rats). There was no differ-
ence between the cycloheximide- and vehicle-treated groups in
the duration of seizure activity, mean seizure grade, number of
generalized seizures, and number of secondary afterdischarges
in response to the 40 kindling stimulations.

Similar to kindling, kainic acid-evoked seizures rapidly pro-
duced elevated numbers of nuclei with fragmented DNA in the
dentate gyrus (Fig. 1D). Four hours after the onset of convul-
sions, the number of labeled nuclei within the dentate gyrus was
253 6 20% of that in vehicle-injected control rats (P, 0.05; Fig.
2C). Also after kainic acid, labeled nuclei were preferentially
located along the hilar border of the granule cell layer.

Confocal microscopic or conventional double immunofluores-
cence analysis of sections processed for combined TUNEL
histochemistry and neuron-specific NeuN immunolabeling was
performed to evaluate whether the apoptotic cells were neurons.
Approximately 50% of TUNEL-positive cells in the dentate
gyrus granule cell layer and hilus were double labeled by NeuN
or immediately associated with NeuN positive cellular debris in
control rats and at 2 h following 40 kindling stimulations (Fig.
3D). This finding provides evidence for neuronal identity of a
large proportion of cells undergoing apoptosis in response to
kindling-induced seizures. Presumably, only a fraction of apopto-
tic neurons is labeled by the NeuN antibody because at late stages
of the degenerative process, degradation of the NeuN antigen is

D) kainic acid

e

// Ny FiG. 1. Schematic drawing of the distribution of
individual nuclei positive for fragmented DNA
(dots) as assessed by TUNEL technique in the
dentate gyrus and hilus from three control animals
O (A), three rats subjected to one hippocampal kin-
3 dling stimulation and killed 5 h thereafter (B),

R three animals decapitated 2 h after 40 kindling
stimulations (C), and three rats killed 4 h after
systemic kainic acid (D). A micrograph of the
boxed area is shown in Fig. 3A. (Bar 5 800 pm.)
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FiG. 2. Number of nuclei positive for fragmented
DNA as assessed by the TUNEL technique bilaterally in
the dentate gyrus and hilus at various time points after a
single hippocampal kindling stimulation (A), 40 kindling
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likely to occur with a concomitant disappearance of immunore-
activity. The number of NeuN positive apoptotic cells is therefore
likely to be an underestimation of the actual number of degen-
erating neurons.

Dying neurons were also demonstrated with the silver
Staining technique early after kindling- and kainic acid-evoked
seizures. No positively stained cells were found in the dentate
gyrus of control rats. At 2 h after 40 kindling stimulations,
scattered argyrophilic neurons (0-2ysection) were detected in
the dentate granule cell layer and hilus, with a distribution
similar to that of TUNEL-positive cells (Fig. 3E). Kainic acid
injection produced argyrophilic neurons in these areas at both
4 and 12 h and, in addition, argyrophilic neurons were seen in
the hippocampal pyramidal cell layer, the cingulate, parietal
and piriform cortices, the amygdaloid complex, and thalamus.
At 5 h after one kindled seizure (lasting 87 6 7 s), no
argyrophilic cells were detected in the dentate gyrus. This lack
of labeled cells may indicate that the sensitivity of the silver
staining technique was too low to allow for the visualization of
the fewer neurons detected with the TUNEL technique after
one compared with 40 stimulations. Also, the optimal time
point for demonstrating cytoplasmic modifications (with silver
staining) and nuclear changes (with TUNEL) during the
process of apoptotic cell death may differ (10).

To explore the possibility that single and rapidly recurring
kindled seizures increase cell proliferation and neurogenesis in
the dentate gyrus, the mitotic marker BrdU was administered
5 days after 1 or 40 hippocampal stimulations. The total
number of BrdU-labeled cells within the granule cell layer as
well as the number of cells double labeled by NeuN and BrdU
were counted 14 days later. In electrode-implanted nonstimu-
lated rats only 26 1out of atotal of 186 8 BrdU-labeled cells
per section were labeled by both markers. Forty rapid kindling
stimulations lead to a marked increase in the number of both
proliferating, NeuN-positive cells (574 6 169% of control; P,
0.05; Fig. 3 F-K) and BrdU-positive, NeuN-negative cells
(650 6 190% of control; P, 0.01). In animals given a single
kindling stimulation, the corresponding increases were 283 6
82% and 317 6 43%, respectively. The increase in BrdU-
labeled nuclei was largely confined to the granule cell layer and
the subgranular zone, preferentially the medial tip of the
ventral blade of the dentate gyrus. Cells double labeled for
NeuN and BrdU were most often seen in the subgranular zone
or on the hilar border of the granule cell layer. In most
instances, they showed less NeuN immunoreactivity as com-
pared with mature granule cells.

DISCUSSION

The present study provides evidence that single and intermit-
tent, brief epileptic seizures can lead to neuronal death.
Epileptic brain injury has previously been demonstrated only
after continuous and prolonged seizure activity or after a large
number of severe intermittent seizures (2, 9-12, 14, 15, 32).
Using specific in situ labeling of DNA fragmentation, inhibi-

Control }'1

stimulations (B), and 4 h after systemic kainic acid (KA)
injection (C). Mean 6 SEM.pp, P, 0.001,andp, P, 0.05
compared with control; one-way ANOVA followed by
Bonferroni-Dunn post-hoc test.

KA

tion of protein synthesis, and morphological criteria, our study
demonstrates apoptosis of a subset of cells confined to the
granule cell layer and the polymorphic region bilaterally in the
dentate gyrus after brief, single, or recurring kindling-evoked
seizures. The degeneration was correlated to the severity and
duration of epileptic activity because 40 seizure events, in-
cluding generalized convulsions, gave rise to a higher number
of apoptotic cells within the dentate gyrus as compared with
one focal hippocampal seizure. A similar distribution pattern
of apoptotic cells in the dentate gyrus was also observed early
after the onset of status epilepticus in the kainic acid model of
limbic epilepsy. Immunolabeling for the neuron-specific anti-
gen NeuN in combination with TUNEL histochemistry
showed that a large proportion of cells at early stages of
apoptosis following seizures were neurons. The neuronal
identity of the dying cells was also supported by the demon-
stration of argyrophilic, degenerating neurons in the dentate
gyrus after both kindling- and kainic acid-induced seizures.

Epileptic brain damage has long been attributed to the mech-
anism of excitotoxicity-induced necrosis. Necrosis usually deletes
groups or clusters of cells and includes loss of membrane integrity,
cellular swelling, and lysis as well as activation of brain microglia
and astrocytes. However, recent studies have shown that neurons
also die via apoptosis following excitotoxic injury (9-12, 33-38).
Apoptosis involves specific deletion of single cells and is charac-
terized by cell shrinkage, plasma, and nuclear membrane blebbing
and budding off of fragments known as apoptotic bodies, chro-
matin condensation, and endonuclease-mediated DNA cleavage
(39-41). In contrast to necrosis, apoptosis usually requires de
novo protein synthesis (42, 43). Seizures rapidly and markedly
increase the intracellular calcium concentration, which in certain
experimental systems is a powerful trigger for apoptotic chroma-
tin fragmentation (44—47). Although the protein synthesis inhib-
itor cycloheximide effectively blocked kindling-induced apopto-
sis, the rapid induction of apoptotic DNA fragmentation already
at 5 hafter 1 kindled seizure or after the onset of 40 rapid kindling
stimulations indicates that the intracellular regulators and exec-
utors of this type of apoptosis may be constitutively expressed
(48). The rapid time course of degeneration is in agreement with
previous studies showing apoptosis of cultured cerebellar granule
cells within 6 h following exposure to kainic acid or glutamate (37,
38). However, in contrast to the glutamate-induced apoptotic
death of cerebellar granule cells (37), MK-801 did not prevent the
seizure-evoked apoptosis of dentate gyrus neurons, suggesting
that this degeneration was not triggered by activation of N-
methyl-D-aspartate receptor-operated channels. The number of
apoptotic cells in the present study may be an underestimation of
the actual values since apoptotic cells are rapidly cleared by
phagocytosis (12). In accordance, at 2 h after maximum degen-
eration following 40 kindling stimulations, most apoptotic cells
had already disappeared.

Both kindling and systemic kainic acid produce experimental
seizures with many similarities to human temporal lobe epilepsy.
However, the two seizure paradigms likely model different as-
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FI1G. 3. (A) Nuclei labeled for fragmented DNA (arrows) along the hilar border of the granule cell layer 2 h after 40 hippocampal kindling
stimulations. (B and C) High-power photomicrographs of labeled nuclei with morphological features characteristic of apoptosis, such as
condensation and lobulation (arrow), following kindling stimulation. Note numerous apoptotic bodies (arrowheads). (D) Confocal scanning laser
image showing nuclear TUNEL (green) and cytoplasmic NeuN immunolabeling (red) demonstrating the neuronal identity of a degenerating cell
2 h after 40 hippocampal kindling stimulations. (E) Light photomicrograph of an argyrophilic, degenerating neuron in the dentate gyrus granule
cell layer 2 h following 40 rapid kindling stimulations. (F and G) Low-power confocal images of sections labeled by NeuN (green) and BrdU (red)
immunofluorescence showing the medial dentate gyrus in a control rat (F) and in an animal 19 days after 40 kindled seizures (G). Arrowheads
in G denote nuclei labeled by BrdU injections 5 days following stimulation. (H-K) Confocal images of a cell (arrow; same cell in all four views)
double-labeled by NeuN (green) and BrdU (red) in the dentate gyrus after 40 kindled seizures. Individual signals for BrdU (J) and NeuN (K) are
shown as well as composite images (H and I). I-K are 1 pm optical sections. (Bars: A5 80 ym; BS5 15 wm; D, E, and K5 10 pm; G5 16 um;
magnification in C is the same as in B; magnification in H-J is the same as in K; magnification in F is the same as in G.)

pects of epileptogenesis. Rapid hippocampal kindling is compa-
rable in many ways to traditional kindling in which daily, repeated
electrical stimulation of limbic areas during 2—4 weeks progres-
sively leads to permanent hyperexcitability (24). In rapid kindling,
the epileptic condition develops gradually over about 4 weeks
following a series of 40 hippocampal stimulations delivered
during 3 h and 15 min (49). Each stimulation during rapid
kindling evokes a relatively brief epileptiform response lasting for
30-40s, and the total duration of stimulus-evoked seizure activity
is limited to * 25-30 min. Status epilepticus is not induced by this
type of kindling stimulation. In contrast, within 1 h after kainic
acid injection, severe limbic status epilepticus develops which lasts
for 2-4 h. After this initial intense seizure activity subsides, a
secondary state of hyperexcitability develops with a high inci-
dence of spontaneous seizures. The finding of apoptosis in a
similar pattern in these two different models of temporal lobe
epilepsy indicates that early death of specific granular and hilar
neurons through apoptosis might constitute one of the primary

events in seizure-induced hippocampal pathology. Postmortem
analysis of humans with chronic idiopathic epilepsy suggests that
neuronal damage is cumulative and related to the frequency of
seizures and duration of the disease (50). This implies that even
if the cell loss induced by each brief seizure episode may be
modest, as demonstrated here, the apoptosis of dentate gyrus
neurons following repeated seizures over several years could lead
to severe pathological changes, possibly also hippocampal scle-
rosis in patients.

Cells labeled for DNA fragmentation were located within
the granule cell layer or on its hilar border as well as in the
polymorphic region of the dentate gyrus. Recent data dem-
onstrate that dentate granule cells exhibit morphological fea-
tures indicative of apoptosis in response to excessive excitation
or traumatic head injury, whereas dentate hilar neurons die
through necrosis in response to these insults (12, 51). Based on
these findings, it seems likely that at least part of the dying
neurons in the present study are granule cells. However,
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whether a neuron will die via apoptosis or necrosis is probably
dependent on the severity of the insult (52, 53). Therefore, the
apoptotic cells observed here could also be hilar interneurons
or a mixture of granule cells and interneurons (54, 55). In
support of this, interneurons are highly vulnerable in a wide
variety of epilepsy models that induce longer or more intense
seizures (6, 12, 14, 56-63).

Our data also indicate that, in addition to apoptotic neuro-
nal death, brief, single, and intermittent seizures can stimulate
proliferation of both neurons and nonneuronal cells in the
dentate gyrus. In a parallel study (22), 3-5 h of pilocarpine-
induced status epilepticus or 6 or 24 h of continuous hip-
pocampal seizure activity evoked by perforant path stimulation
was reported to increase dentate granule cell neurogenesis.
These findings suggest that the number of neurons in the
dentate gyrus following periods of seizure activity is depen-
dent on the relative magnitude of neuronal apoptosis and
proliferation. It is conceivable, though, that these two pro-
cesses are differentially regulated and that the balance be-
tween them could be influenced by various factors—e.g., age
(64) or physiological parameters during seizure activity.
Whether the rapid induction of apoptotic death and prolifer-
ation of neurons demonstrated here following brief periods of
seizure activity has a pathophysiological role in epileptogenesis
remains to be elucidated. It seems highly warranted to clarify
in future studies how apoptosis and neurogenesis are regulated
by seizures and under which conditions apoptotic neuronal
death is the predominant process. However, even without a
significant loss of the total number of dentate gyrus neurons
following seizures, this structure could be functionally abnor-
mal if the apoptotic cells have been replaced by newly born
neurons which are immature, ectopically located or have
formed aberrant connections.
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