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Temporal lobe epilepsy, the most common type of epilepsy in
adult humans, is characterized clinically by the progressive
development of spontaneous recurrent seizures of temporal
lobe origin and pathologically by hippocampal neuronal loss
and mossy fiber sprouting. In this study, we sought to test the
prominent hypothesis that neuronal loss and mossy fiber
sprouting play a critical role in the genesis and progression of
temporal lobe epilepsy.

Rats receiving a single kainic acid injection experienced a
single sustained episode of epileptic status with massive neu-
ronal loss and mossy fiber sprouting, whereas rats receiving
triple kainic acid injections experienced two priming episodes
and one sustained episode of epileptic status with no detect-
able neuronal loss and mossy fiber sprouting. Early in the
process of chronic seizure development, primed rats that failed
to show detectable neuronal loss and mossy fiber sprouting

exhibited a starting date and a frequency of spontaneous re-
current seizures similar to those of nonprimed rats that showed
massive neuronal loss and mossy fiber sprouting. However,
nonprimed rats displayed significantly prolonged episodes of
spontaneous recurrent seizures over the whole process of
chronic seizure development and more frequent severe sei-
zures later in the process. Similar results were observed in both
Fischer-344 and Wistar rats as well as in the rat pilocarpine
preparation of temporal lobe epilepsy.

These results fail to reveal a relation between neuronal loss–
mossy fiber sprouting and the genesis of temporal lobe epi-
lepsy but suggest that neuronal loss, mossy fiber sprouting, or
both contribute to the intensification of chronic seizures.
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Temporal lobe epilepsy (TLE), the most common type of epi-
lepsy in adult humans (Engel, 1989), is characterized clinically by
the progressive development of spontaneous recurrent seizures
(SRS) from temporal lobe foci (Engel, 1989, 1996). Before exhib-
iting SRS, patients with TLE usually experience epileptic status
early in life, followed by a seizure-free period ranging from
months to years (Engel, 1989; Lothman and Bertram, 1993). TLE
is also characterized pathologically by unique morphological al-
terations in the hippocampus. The most frequently observed
alteration is massive neuronal loss in the hilus of the dentate
gyrus and in the CA1 and CA3 pyramidal cell layers (Engel, 1989;
Lothman and Bertram, 1993; Ben-Ari and Cossart, 2000). An-
other common morphological alteration is mossy fiber sprouting,
the growth of aberrant collaterals of granule cell axons into the
inner molecular layer of the dentate gyrus (Sutula et al., 1989;
Houser et al., 1990; Babb et al., 1991; Isokawa et al., 1993).

A prominent hypothesis states that hippocampal neuronal loss
and mossy fiber sprouting play a critical role in the genesis and
progression of TLE (for review, see Lothman and Bertram, 1993;

Wasterlain et al., 1993, 1996; Engel, 1996; Lowenstein, 1996;
Coulter, 1999; Houser, 1999; Ben-Ari and Cossart, 2000). This
hypothesis is supported by several lines of evidence. First, partial
hippocampal removal including the site of neuronal damage re-
sults in a seizure-free state or a marked reduction of seizure
frequency in many patients (Flaconer and Serafetinides, 1963;
Rasmussen, 1983; King et al., 1986; Brown and Babb, 1987;
Engel, 1987, 1989; Bruton, 1988; Babb et al., 1990). Second, the
sprouted mossy fibers seemingly form a powerful monosynaptic
recurrent excitatory pathway, through which SRS is generated
(for review, see Sperk, 1994; Lowenstein, 1996; Lynch and Sutula,
2000). This suggestion is supported by the findings that the
intensity and time course of mossy fiber sprouting positively
correlate with the severity and time course of SRS (Sutula et al.,
1989) and that the sprouted mossy fibers seemingly form recur-
rent excitatory circuits (Tauck and Nadler, 1985; Cronin et al.,
1992; Lynch and Sutula, 2000).

Other evidence, however, has challenged this hypothesis. For
example, partial resection of hippocampal tissue that exhibits no
neuronal loss led to successful control of seizures in some pa-
tients with TLE (Spencer and Spencer, 1994; Mathern et al.,
1995). In addition, some kainic acid (KA)-treated rats showing
frequent SRS exhibit no detectable neuronal loss in the hip-
pocampus (Sloviter, 1992; Buckmaster and Dudek, 1997). Nu-
merous dissociations between epileptogenesis and mossy fiber
sprouting have been described in the rat kindling and KA prep-
arations of TLE (Elmer et al., 1997; Mohapel et al., 1997, 2000;
Armitage et al., 1998; Longo and Mello, 1998, 1999). In the
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present study we sought to test this hypothesis further, using both
the traditional KA preparation of TLE in rats (Ben-Ari, 1985;
Fisher, 1989; Sperk, 1994; Hellier et al., 1998) and a novel version
of the preparation.

MATERIALS AND METHODS
Animals. Adult male Fischer-344 and Wistar rats weighing 220–250 gm at
the time of first treatment were used. The animals were maintained on a
12 hr light /dark cycle with lights on at 8:00 A.M., with ad libitum access
to food and water. All procedures were in accordance with the guidelines
established by the Canadian Council on Animal Care as approved by the
University of Saskatchewan Animal Care Committee.

Animal treatment. This study consists of five experiments. Experiment
1 aimed to establish a new version of the rat KA preparation of TLE with
no obvious neuronal loss. In light of the results of our pilot study based
on the finding that short episodes of priming seizures inhibit neuronal
death induced by KA-elicited epileptic status (Kelly and McIntyre, 1994;
Najm et al., 1998), we used four groups of Fischer-344 rats that received
different treatments (Table 1). To establish the rat traditional KA prep-
aration of TLE (Ben-Ari, 1985; Fisher, 1989; Sperk, 1994; Hellier et al.,
1998), the first group (1KA) received a single KA injection (10 mg/kg,
i.p.; Sigma, St. Louis, MO), resulting in a single sustained episode of
epileptic status lasting �4 hr. To establish a novel version of the KA
preparation of TLE, the second group (3KA) received triple KA injec-
tions, resulting in two preconditioning or priming episodes and one
sustained episode of epileptic status. That is, on the first two consecutive
days, rats in this group received injections of KA (10 mg/kg, i.p.), and
then epileptic status was terminated after 20 min by injection of sodium
pentobarbital (40 mg/kg, i.p.). On the third day we used the same dose of
KA to induce epileptic status but allowed it to persist for �6 hr. As a
control, the third group (1KAcontrol) received injections of pentobar-
bital alone on days 1 and 2 and KA on day 3. The final group (0KAcon-
trol) received one saline injection on each of 3 d. Because most of the
neuronal death occurs before day 4 after KA injection (Pollard et al.,
1994; Zhang et al., 1997; Hellier et al., 1998; Hopkins et al., 2000), rats
(n � 5–7 for each of 1KA, 3KA, 1Kacontrol, and 0KAcontrol groups)
were killed 4 d after treatment to examine the number of surviving
neurons (Table 2).

Experiment 2 aimed to quantify dying neurons in the brain. For this
purpose, three groups of Fischer-344 rats (i.e., 1KA, 3KA, and 0KA-
control) received the same treatment as described in experiment 1.
Because the 1KAcontrol group showed no behavioral and morphological
differences from the 1KA group (see Results), this group was not
included in this or any subsequent experiment. One day after the final
injection of KA or saline, rats (n � 5 each) were killed for examination
of dying cells (Table 2).

Experiment 3 aimed to study the possibility that triple KA injections
might postpone the process of neuronal damage. For this purpose,
1KA, 3KA, and 0KAcontrol groups of Fischer-344 rats received the
same treatment as described in experiment 1. Rats were killed 7 or 14 d
after the final injection of KA or saline (Table 2), resulting in six
groups (n � 5).

Experiment 4 aimed to quantify SRS, neuronal loss, and mossy fiber
sprouting in the 1KA and 3KA groups of rats. To quantify the SRS,
1KA, 3KA, and 0KAcontrol groups of Fischer-344 rats (n � 5–7) were
observed for evidence of behavioral SRS by an experimenter who was
not informed of group assignment, for 2–3 hr daily, Monday through
Friday, for 20 weeks after the final injection (Table 2). Because behav-
ioral observation is not capable of detecting nonconvulsive electroen-
cephalograph (EEG) seizures, EEG and behavioral seizures were ob-
served simultaneously in additional rats in experiment 4. Fischer-344 rats
were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and placed
in a stereotaxic instrument. Two bipolar depth electrodes were unilater-
ally implanted into the dorsal hippocampus [anteroposterior (AP), �2.8;
mediolateral (ML), �1.5; dorsoventral (DV), �3.5 from bregma] and the
basolateral amygdaloid nucleus (AP, �2.8; ML, �4.8; DV, �8.5). A
reference wire and four screws were anchored to the skull, and the
electrodes and screws were cemented to the skull with dental acrylic.
Recordings were taken from one pole of each electrode, referenced to
ground. After surgery rats were allowed to recover for 2 weeks. Then,
two groups of rats, the 1KA and 3KA groups (n � 4–5), were observed
for behavioral and EEG seizures for 30–50 min daily, Monday through
Friday, for 12 weeks after the final injection of KA. At the end of SRS
recording, these five groups of rats were killed for the examination of
neuronal loss and mossy fiber sprouting (Table 2).

Experiment 5 aimed to examine SRS, neuronal loss, and mossy fiber
sprouting in Wistar rats and in the pilocarpine preparation of TLE

Table 1. Treatment protocols for the four groups of rats (1KA, 3KA, 1KAcontrol, and 0KAcontrol) in experiment 1

First day Second day Third day

1KA KA3epileptic status � 4 hr
3KA KA3epileptic status � 20 min

3 sodium pentobarbital
KA3epileptic status � 20 min
3 sodium pentobarbital

KA 3 epileptic status � 6 hr

1KAcontrol Sodium pentobarbital Sodium pentobarbital KA 3 epileptic status � 6 hr
0KAcontrol Saline Saline Saline

For details see Materials and Methods.

Table 2. Rat strains, treatment, survival times, stain method, and stain purpose in experiments 1–5

Rat strain Treatment Survival time Stain method Stain purpose

Experiment 1 Fischer-344 1KA, 3KA,
1KAcontrol,
0KAcontrol

4 d 3 Nissl Surviving neurons

Experiment 2 Fischer-344 1KA, 3KA,
0KAcontrol

1 d 3 Silver, Fluoro-Jade B, TUNEL Dying neurons

Experiment 3 Fischer-344 1KA, 3KA,
0KAcontrol

7 or 14 d 3 Silver, Fluoro-Jade B, TUNEL Dying neurons

Experiment 4 Fischer-344 1KA, 3KA,
0KAcontrol

20 or 12 weeks 3 Nissl, somatostatin, Fluoro-Jade B,
TUNEL, Timm, M-enkephalin,
neuropeptide Y, synaptophysin

Surviving � dying neurons,
mossy fiber sprouting

Experiment 5 Wistar 1KA, 3KA,
0KAcontrol

20 weeks 3 Same as above Same as above

Fischer-344 1 Pilo, 2KA-1Pilo

For details see Materials and Methods.
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(Table 2). Three groups of Wistar rats (i.e., 1KA, 3KA, and 0KAcontrol
groups) and two groups of pilocarpine-treated Fischer-344 rats were
used. The traditional pilocarpine preparation of TLE was established by
applying a single pilocarpine injection in the 1Pilo group, using standard
procedures (Parent et al., 1997, 1999). Another group of rats, the 2KA–
1Pilo group, received a modified 3KA injection protocol, involving two
sessions of daily inductions of KA-elicited priming epileptic status lasting
for 20 min and terminated by sodium pentobarbital, 1 d before induction
of a third session of pilocarpine-elicited status lasting for 6 hr. We used
KA rather than pilocarpine to induce episodes of priming epileptic status
because pilot work showed that all rats exhibiting pilocarpine-elicited
epileptic status died within 1 hr after a therapeutic dose of sodium
pentobarbital. After the final injection, rats were observed for evidence
of behavioral SRS by an experimenter who was not informed of group
assignment, for 2–3 hr daily for 20 weeks after the final injection (Table
2). Then the three groups of Wistar rats (n � 5–7) and two groups of
Fischer-344 rats (n � 5) were killed for examination of neuronal loss
and mossy fiber sprouting. Because both the 1Pilo and 2KA–1Pilo
groups of Fischer-344 rats together with the rats in experiment 4 were
observed for behavioral seizures, the saline group (i.e., 0KAcontrol
group) in experiment 4 was also used as the control group for the
pilocarpine preparation.

Perfusion of animals. Rats were deeply anesthetized with sodium
pentobarbital and perfused transcardially with one of two protocols. Rats
in experiments 1, 4, and 5 were perfused first with 150 ml of 0.1 M PBS,
pH 7.4, and then with 250 ml of 4% paraformaldehyde (Sigma) in PBS.
The brains were then postfixed for 2 hr in the same fixative and immersed
in 30% sucrose at 4°C for 2–3 d. Rats in experiments 2 and 3 were
perfused first with 150 ml of wash solution consisting of 0.8% sodium
chloride, 0.4% dextrose, 0.8% sucrose, 0.023% calcium chloride, and
0.034% sodium cacodylate (Fisher, Nepean, Ontario, Canada) and then
with 250 ml of fixation solution consisting of 4% sucrose, 4% parafor-
maldehyde, and 1.434% sodium cacodylate. After perfusion, carcasses
were kept in a fume hood at room temperature overnight, and then the
brains were immersed in 30% sucrose at 4°C for 2–3 d.

Histochemistry and immunohistochemistry. Brains were sectioned on a
sliding microtome into frontal sections (40 �m), which were then stained
with different techniques for different purposes (Table 2). Sections in
experiment 1 were stained with cresyl violet, with which the surviving
neurons were visualized. For experiments 2 and 3, three stains were used
to reveal the degenerating neurons in three series of sections: de Olmos
amino-cupric-silver stain (de Olmos et al., 1994), Fluoro-Jade B stain
(Schmued et al., 1997; Hopkins et al., 2000), and terminal deoxynucleo-
tidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL)
with a TUNEL staining kit according to manufacturer’s instructions
(Trevigen, Gaithersburg, MD). For experiments 4 and 5, we used four
techniques to reveal surviving and dying neurons. In addition to cresyl
violet stain, somatostatin immunohistochemistry was used to quantify
the live somatostatin-positive neurons in the dentate hilus, the region
most sensitive to the destructive effects of epileptic status (Sloviter, 1991;
Buckmaster and Dudek, 1997). Fluoro-Jade B and TUNEL stains were
used again to detect any dying neurons in the brain. In experiments 4 and
5 we also examined mossy fiber sprouting using the Timm stain (Sloviter,
1991; Buckmaster and Dudek, 1997) and immunohistochemical staining
for Met-enkephalin, neuropeptide Y, and synaptophysin (Table 2). Timm
stain was performed with our routine protocol (Mohapel et al., 1997,
2000; Armitage et al., 1998). Immunohistochemical staining was per-
formed using a conventional avidin–biotin–immunoperoxidase tech-
nique as described previously (Zhang et al., 1997, 2001). Briefly, this
procedure included incubation of sections at 4°C for 3 d on a shaker in
rabbit anti-somatostatin antibody (1:8000; Peninsula Lab, Belmont, CA),
rabbit anti-Met-enkephalin antibody (1:2000; DiaSorin Inc., Stillwater,
MN), rabbit anti-neuropeptide Y antibody (1:5000; Peninsula Lab), and
rabbit anti-synaptophysin antibody [1:500; SP15 (Honer et al., 1997)].
The primary antibodies were localized using Vectastain Elite reagents
(Vector Laboratories, Burlingame, CA). The reaction product was de-
veloped by incubating the sections in a solution containing diaminoben-
zidine and H2O2 at room temperature for 2–5 min. The sections were
mounted onto slides, which were then air dried, dehydrated, cleared, and
coverslipped.

Immunohistochemical controls were performed by omitting primary
antibody or by incubating the sections with antiserum preabsorbed
with the immunogen. Sections incubated without primary antibody
exhibited virtually no staining, and specific staining by somatostatin,

M-enkephalin, neuropeptide Y, and synaptophysin antibodies was pre-
vented by preabsorption with specific synthetic antigen (1.0 mg/ml).

Data analysis. Quantitative assessment of cresyl violet-stained sections
was conducted by visually counting neurons with normal morphology
using a 20� objective lens. Average cell numbers were obtained by
averaging counts over two consistent fields in each brain region, over
both hemispheres, and over three sections (240 �m apart) in each brain.
For cell counting of somatostatin-stained sections, somatostatin-positive
cells in both the dorsal and ventral parts of the dentate hilus were
counted over both hemispheres and over three sections in each brain.
Quantification of silver stain, Fluoro-Jade B stain, and TUNEL stain was
conducted by determining the occurrence or disappearance of positive
staining in all the brain regions. The degree of mossy fiber sprouting in
the dorsal and ventral hippocampus of each rat was first qualitatively
compared between different groups, followed by scoring of mossy fiber
sprouting in the ventral hippocampus by an observer unaware of group
assignment, as follows. The absence of Timm staining and immunohis-
tochemical staining for enkephalin, neuropeptide Y, and synaptophysin
in the inner molecular layer was scored as zero, and dense Timm and
immunohistochemical staining were scored as 100; intermediate levels
were assigned estimated scores in steps of 10.

Three types of behavioral SRS were counted: stage 2 seizures (wet-dog
shakes), stage 3 seizures (forelimb clonus), and stages 4 (rearing) and
above seizures, according to our six-point scale for assessing the severity
of KA-induced limbic seizures (Zhang et al., 1997). Seizure discharge was
operationally defined as a synchronous EEG waveform of high frequency
and amplitude, typically with biphasic or multiphasic transients, evolving
from background activity and lasting for at least 5 sec. Paroxysmal EEG
activity (isolated sharp waves, spindle activity, or synchronous high-
amplitude bursts lasting �5 sec) was categorized as interictal epileptiform
activity.

Statistical analysis of the data was performed using t tests and one-way
ANOVA, followed by the Scheffe post hoc test.

RESULTS
Experiment 1: establishment of the 1KA and 3KA
preparations in Fischer-344 rats
Acute limbic seizure activity
Ten of 10 rats in the 1KA group and 10 of 10 in the 1KAcontrol
group responded to the 10 mg/kg dose of KA with epileptic status
lasting between 0.5 and 8 hr, defined as continuous limbic sei-
zures at stages 3–6. Six of 10 rats in the 1KA group and 7 of 10
in the 1KAcontrol group survived epileptic status lasting �4 hr
and were used for further studies on neuronal death–survival.
The 3KA group also showed 100% (30 of 30) responsiveness to
KA on the first day with epileptic status lasting 20 min, followed
by sodium pentobarbital anesthesia. In contrast, with the second
and third doses of KA injections on the second and third days,
rats were significantly ( p � 0.001) less sensitive to KA, and only
21 of 30 rats receiving the second dose of KA and 10 of 21 rats
receiving the third dose of KA displayed epileptic status. Five of
10 rats showing epileptic status lasting �6 hr after the third dose
of KA survived and were used for further studies on neuronal
death–survival. The remaining rats showed either a mixture of
epileptic status and stereotyped behavior, such as repetitive rapid
walking with abnormal gait, or died after exhibiting epileptic
status.

In the rats that did respond to KA with acute convulsive
activity, the first form of convulsive activity was obviously differ-
ent between rats receiving the first and second or third dose of
KA. That is, the first convulsive activity displayed by the 1KA,
1KAcontrol, and 3KA groups receiving the first dose of KA was
wet-dog shakes, followed by forelimb clonus and stage 4–6 sei-
zures. In contrast, the first convulsive activity observed in the 3KA
group receiving the second and third doses of KA was stage 3–5
seizures.

The latency from KA injection to the onset of the initial
convulsive activity did not differ significantly between the 1KA
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and 1KAcontrol groups. In the 3KA group, however, the latency
to convulsion differed significantly ( p � 0.001) between the first
KA injection and the second or third KA injection (28.6 � 5.2,
11.4 � 3.1, and 9.5 � 4.4 min, respectively).

Neuronal death
Rats in the 1KA group showed expected neuronal loss in the
dentate hilus and CA3 pyramidal cell layer, whereas rats in the
3KA and 0KAcontrol (i.e., saline) groups displayed no obvious
neuronal loss (Fig. 1A–C). Similar results were observed in the
1KA and 1KAcontrol groups, as well as in other brain regions
susceptible to KA-induced epileptic status, including the olfac-
tory tubercle, CA1 pyramidal cell layer, piriform and entorhinal
cortices, thalamus, amygdala, and substantia nigra. As shown in
Table 3, one-way ANOVA revealed a significant overall differ-
ence between the 1KA, 3KA, and saline groups in the mean �
SEM number of neurons in the dentate hilus (F(2,13) � 51.497;
p � 0.001), CA3 (F(2,13) � 83.176; p � 0.001) and CA1 pyramidal
cell layers (F(2,13) � 19.390; p � 0.001), piriform (F(2,13) �

105.689; p � 0.001) and entorhinal cortices (F(2,13) � 94.730; p �
0.001), mediodorsal thalamic nucleus (F(2,13) � 85.923; p �
0.001), olfactory tubercle (F(2,13) � 52.784; p � 0.001), basolateral
amygdaloid nucleus (F(2,13) � 22.211; p � 0.001), and substantia
nigra pars compacta (F(2,13) � 25.218; p � 0.001). The Scheffe test
showed that for each region, neuronal counts in the 1KA group
differed significantly from those in the 3KA and saline groups
( p � 0.001), whereas counts in the latter two did not differ
significantly ( p � 0.05).

Experiment 2: assessment of acute neuronal death in
1KA and 3KA groups of Fischer-344 rats
Consistent with previous studies (Covolant and Mello, 2000;
Hopkins et al., 2000), 1 d after a single KA injection numerous
brain regions exhibited many silver-impregnated degenerating
neurons, including the dentate hilus and CA3 pyramidal cell layer
(Fig. 1E), claustrum, bed nuclei of the stria terminalis, septum,
caudate putamen, deep layers of the cerebral cortex, subiculum,
hypothalamus, and all the regions listed in Table 3. However, rats

Figure 1. Microphotographs showing
cresyl violet (Nissl stain) stain ( A–C),
silver stain (D–F), Fluoro-Jade B (FJB)
stain (G–I), TUNEL stain ( J–L), and
somatostatin immunohistochemical
stain ( M–O) in rats treated with saline
(A, D, G, J, M ), a single KA (1K A) (B,
E, H, K, N ), and triple KA (3K A) (C, F,
I, L, O) injections 4 d (4d) ( A–C), 1 d
(1d) ( D –L), and 20 weeks (20w)
( M–O) after the last saline or KA in-
jection. Adjacent sections (D, E, G, J,
H, K, or F, I, L) were obtained from
the same brains. CA3, CA3 pyramidal
cell layer; g, granule cell layer of the
dentate gyrus; h, hilus. Magnification:
35� for all microphotographs.
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in the 3KA and saline groups showed no detectable silver-
impregnated dying neurons in any region, including the dentate
hilus and CA3 area (Fig. D, F). Fluoro-Jade B stain produced
results consistent with those revealed by de Olmos silver stain
(Fig. 1G–I). Furthermore, although both the de Olmos silver
stain and Fluoro-Jade B stain reveal necrotic neurons (Schmued
et al., 1997; Hopkins et al., 2000), the TUNEL stain has the
capability to reveal both necrosis and apoptotic neuronal degen-
eration, and we obtained results with the TUNEL stain (Fig.
1J–L) similar to those with the de Olmos silver stain and Fluoro-
Jade B stain.

Experiment 3: assessment of delayed neuron death in
the 1KA and 3KA groups of Fischer-344 rats
At day 7 but not day 14 after the 1KA, rats showed a small
number of silver-impregnated and Fluoro-Jade B- and TUNEL-
stained dying neurons scattered over most of the regions that
displayed dying neurons 1 d after KA injection. These results are
consistent with a recent study using the Fluoro-Jade B stain
(Hopkins et al., 2000). In contrast, using the de Olmos silver,
Fluoro-Jade B, and TUNEL stains, we found no degenerating
neurons throughout the entire brain at 7 and 14 d in rats receiving
either 3KA or saline injections (data not shown).

Experiment 4: assessment of SRS, neuronal loss, and
mossy fiber sprouting in the 1KA and 3KA groups of
Fischer-344 rats
Assessment of behavioral and EEG SRS
The saline group showed significantly fewer wet-dog shakes [pre-
sumably stage 2 seizures (Zhang et al., 1997)] than either the
1KA or 3KA group ( p � 0.01), whereas the 1KA and 3KA
groups displayed similar mean frequencies of both wet-dog shakes
and stage 3 seizures (Fig. 2). The saline group was not observed
to show stage 3–6 seizures. The mean frequency of stage 4–6
seizures during the first 8 weeks after the final KA injection did
not differ significantly in the 1KA and 3KA groups (t(11) �
�1.047, p � 0.318). Starting from week 9, however, the 1KA
group showed a significantly higher frequency of stage 4–6 sei-
zures ( p � 0.01) than the 3KA group (Fig. 2). The latency
between sustained epileptic status and the onset of the first
observed stage 4–6 seizures in the 1KA (16.1 � 2.9 d) and 3KA
groups (17.2 � 1.7 d) did not differ significantly.

Epileptiform discharges occurred during approximately half
the episodes of wet-dog shakes and all stage 3–6 seizures. Al-
though latencies to onset of EEG seizures in the 1KA (12.4 �

1.6 d) and 3KA (16.9 � 1.6 d) groups did not differ significantly,
the duration of each EEG seizure over the whole process of
seizure development was significantly longer ( p � 0.001) in the
1KA group (24.6 � 1.9 sec) than in the 3KA group (13.5 � 1.5
sec) (Fig. 3). The difference in the mean frequency of EEG
seizures between these two groups was not statistically significant
( p � 0.091; 5.5 � 1.2 and 2.9 � 0.8 episodes per week for the
1KA and 3KA groups, respectively) in the first 8 weeks after KA
injection, but in the later course a significantly higher frequency
of EEG seizures ( p � 0.05) appeared in the 1KA group (9.8 �
1.2 episodes per week) than in the 3KA group (5.8 � 0.8 episodes
per week).

Assessment of neuronal loss and mossy fiber sprouting
Similar to findings in the rats killed 4 d after KA injection (Table
3), the 1KA group killed 20 weeks after KA injection showed
massive neuronal loss in various regions, whereas the saline and
3KA groups displayed no significant neuronal loss in Nissl-
stained sections. The mean number of somatostatin-positive cells
in the dentate hilus of the 1KA group (17 � 3.8) differed signif-
icantly ( p � 0.001) from either the saline (70 � 6.6) or 3KA
groups (57.8 � 5.8), whereas the latter two groups did not differ
significantly (Fig. 1M–O). No degenerating neurons were found

Table 3. Counts of morphologically normal-appearing neurons in
different brain regions after saline, single KA (1KA), and triple KA
(3KA) injections

Saline 1KA 3KA

Dentate hilus 78.5 � 3.4 41.9 � 4.0 78.2 � 1.7
CA3 pyramidal cell layer 178.3 � 2.5 103.2 � 7.1 186.2 � 3.9
CA1 pyramidal cell layer 170.0 � 13.6 81.0 � 11.6 182.0 � 11.9
Piriform cortex 352.0 � 14.8 111.4 � 11.4 331.7 � 11.8
Entorhinal cortex 340.5 � 20.4 84.0 � 14.6 335.4 � 11.8
Mediodorsal thalamic

nucleus 222.0 � 14.7 28.0 � 2.9 201.0 � 11.8
Olfactory tubercle 190.3 � 14.6 50.0 � 9.0 201.0 � 11.0
Basolateral amygdaloid

nucleus 152.0 � 13.7 41.4 � 11.4 139.0 � 11.8
Substantia nigra 160.8 � 13.2 60.8 � 10.2 170.4 � 11.8

Figure 2. Mean frequency of wet-dog shakes (WDS) (top graph), stage 3
seizures (middle graph), and stages 4–6 seizures (bottom graph) per week
over the 20 week period after injection of saline (Saline), a single KA
(1K A), or triple KA (3K A). One-way ANOVA for repeated measures
revealed that saline-treated rats had significantly fewer wet-dog shakes
than either the 1KA or 3KA group (F(2,15) � 21.788; p � 0.001). One-way
ANOVA also revealed a significant group effect (F(1,11) � 18.542; p �
0.001) and a significant interaction of groups over time (F(3,11) � 10.69;
p � 0.001) when the mean frequencies of stages 4–6 seizures were
compared. Rats in all groups were observed for SRS for 2–3 hr daily,
Monday through Friday, for 20 weeks.
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in the brains of the 1KA, 3KA, and saline groups with Fluoro-
Jade B and TUNEL stains.

Consistent with previous studies (Sloviter, 1991; Lurton et al.,
1996; Bing et al., 1997; Buckmaster and Dudek, 1997; El Bahh et
al., 1997), both the Timm stain and immunohistochemistry for
M-enkephalin, neuropeptide Y, and synaptophysin revealed mas-
sive mossy fiber sprouting in the inner molecular layer of the
dentate gyrus in both the dorsal and ventral hippocampus of the
1KA group (Fig. 4). In contrast, the saline and 3KA groups
exhibited no detectable mossy fiber sprouting in the dorsal hip-
pocampus (Fig. 4) and a minimal level of mossy fiber sprouting in
the ventral hippocampus.

Experiment 5: assessment of SRS, neuronal loss, and
mossy fiber sprouting in KA-treated Wistar rats and
pilocarpine-treated Fischer-344 rats
Assessment of behavioral seizures
Unlike Fischer-344 rats that showed 100% responsiveness to the
first dose of KA, Wistar rats showed 72% (36 of 50) responsive-
ness to the first dose of KA, consistent with our previous obser-
vations (Zhang et al., 1997). Eighteen of 36 Wistar rats that
responded to KA survived epileptic status lasting �4 hr. After
the second and third doses of KA injections, �28% of the Wistar
rats (5 of 18) showed typical epileptic status lasting �6 hr.
Although Wistar rats displayed significantly lower sensitivity to
KA than Fischer-344 rats did ( p � 0.01), these two strains of rats
exhibited similar acute limbic seizure activities, including the first
form of convulsive activity after the first, second, or third KA
injection and the behavioral seizure starting dates in both the
1KA and 3KA groups.

Rats in the 1Pilo group displayed acute behavioral seizures
similar to those in the 1KA group. The 2KA–1Pilo group exhib-
ited 75% (9 of 12) responsiveness to pilocarpine after the second
injection of KA, and 50% (6 of 12) of the rats that responded to
pilocarpine survived epileptic status lasting �6 hr.

Saline-treated Wistar rats did not show stage 4–6 seizures.
KA-treated Wistar rats (Fig. 5A) and pilocarpine-treated Fischer-
344 rats (Fig. 6A) exhibited behavioral SRS with a frequency
similar to that of KA-treated Fischer-344 rats (Fig. 2). That is, the
mean frequency of stage 4–6 seizures in the first 8 weeks after
sustained epileptic status did not differ significantly between
the 1KA and 3KA groups of Wistar rats (t(6) � �1.441; p �
0.200) or between the 1Pilo and 2KA–1Pilo groups of Fischer-344
rats (t(6) � �1.782; p � 0.125). After the first 8 weeks, however,
the 1KA and 1Pilo groups showed a significantly higher frequency
of stage 4–6 seizures ( p � 0.01) than the 3KA and 2KA–1Pilo
groups (Figs. 5A, 6A). The starting dates of stage 4–6 seizures in
the 1KA (15.3 � 2.1 d) and 3KA groups (17.1 � 1.8 d) of Wistar
rats and in the 1Pilo (16.8 � 2.7 d) and 2KA–1Pilo groups (15.2 �
2.6 d) did not differ significantly.

Assessment of neuronal loss and mossy fiber sprouting
KA-treated Wistar rats and pilocarpine-treated Fischer-344 rats
showed pathological alterations similar to those of the KA-treated
Fischer-344 rats. That is, the 1KA group of Wistar rats and the
1Pilo group showed massive neuronal loss in various regions,
whereas the saline and 3KA groups of Wistar rats and the 2KA–
1Pilo group showed no significant neuronal loss in the same re-
gions in Nissl-stained sections. The number of somatostatin-
positive cells in the dentate hilus was significantly lower in the
1KA group than in the 3KA group of Wistar rats (F(2,9) � 21.683;
p � 0.001) (Fig. 5B) as well as in the 1Pilo group than in the
2KA–1Pilo group (F(2,9) � 11.721; p � 0.05) (Fig. 6B). However,
there was no significant difference between the saline and 3KA
groups of Wistar rats (Fig. 5B) or the 2KA–1Pilo group (Fig. 6B).
KA-treated Wistar rats and pilocarpine-treated Fischer-344 rats
did not show dying neurons in either Fluoro-Jade B- or TUNEL-
stained sections. Timm-stained mossy fiber sprouting in the ven-
tral hippocampus was significantly higher in the 1KA group than
in the 3KA group of Wistar rats (F(2,9) � 80.333; p � 0.001) (Fig.
5B) as well as in the 1Pilo group than in the 2KA–1Pilo group
(F(2,9) � 30.662; p � 0.001) (Fig. 6B). The saline group, the 3KA
group of Wistar rats, and the 2KA–1Pilo group similarly exhib-
ited low mossy fiber sprouting scores in the ventral hippocampus
(Figs. 5B, 6B). Similar results were also obtained in immunohis-
tochemical staining for enkephalin, neuropeptide Y, and synap-
tophysin (data not shown).

DISCUSSION
Roles of neuronal loss and mossy fiber sprouting in
the genesis and development of TLE
Experiment 1 indicated that neuronal degeneration can be de-
tected with Nissl stain in many regions 4 d after a single KA
injection and that neither saline nor triple KA injections pro-
duced obvious neuronal loss. However, it is possible that results in
the 3KA group could reflect an inability of Nissl stain to detect
the loss of a small number of neurons in regions containing a large
number of healthy neurons; it is also possible that certain regions
with significant neuronal loss in the 3KA group were missed,
because we did not count neurons in all regions in Nissl-stained
sections. We suggest that these explanations are unlikely, because
using the very sensitive de Olmos silver stain we failed to detect
dying neurons in the whole brain of the 3KA group 1 d after the
final KA injection, whereas the 1KA group showed numerous
silver-impregnated degenerating neurons in many regions 1 d
after KA. Although the de Olmos silver stain has been unreliable
in some laboratories, the results obtained with the de Olmos
silver stain were replicated by staining, on adjacent sections from
the same rats, with Fluoro-Jade B, a sensitive and reliable marker
for degenerating neurons after KA-induced epileptic status or
other types of brain insults (Schmued et al., 1997; Hopkins et al.,

Figure 3. Typical EEG seizures associ-
ated with behavioral stage 5 convulsions
recorded from a triple KA-treated rat
on the 57th day after the final KA injec-
tion. The top trace was recorded from
the dorsal hippocampus, and the bottom
trace was recorded from the amygdala.
Before the occurrence of generalized
EEG and behavioral seizures, isolated
EEG seizures were recorded sporadi-

cally. The characteristics of EEG seizures recorded from the single KA-treated rats were similar to this figure, except that individual episodes of EEG
seizures recorded from the single KA-treated rats were significantly longer in duration.
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2000). Furthermore, similar results were obtained with TUNEL
staining, which has been used widely to detect apoptotic-like
neuronal death after epileptic status (Pollard et al., 1994; Morri-
son et al., 1996; Roux et al., 1999; Tuunanen et al., 1999).

It could be argued that the triple KA injections merely post-
poned the process of neuronal degeneration. We suggest that this
is unlikely, however, because experiments 3 and 4 showed that the
silver, Fluoro-Jade B, and TUNEL stains failed to reveal dying
neurons in the 3KA group 7 and 14 d and 20 weeks after the final
KA injection, although the 1KA group did show a small number
of dying neurons in many regions 7 d after KA.

In contrast to the 1KA group, which exhibited massive mossy
fiber sprouting in the hippocampus 20 weeks after KA, the saline
and 3KA groups showed no detectable mossy fiber sprouting in
the dorsal hippocampus and a minimal level of mossy fiber sprout-
ing in the ventral hippocampus. Although it is possible that the
triple KA injections could have induced sprouting of mossy fibers
that do not contain zinc and thus would not be detected by Timm
staining, this seems unlikely in the absence of mossy fiber sprout-
ing detectable with immunohistochemistry for M-enkephalin and

neuropeptide Y as well as for synaptophysin, a synaptic vesicle
protein that exists in all axon terminals and is widely used as a
marker for synaptogenesis (Looney et al., 1999; Sarnart and Born,
1999).

Although the 1KA and 3KA groups exhibited massive and
undetectable neuronal loss and mossy fiber sprouting, respec-
tively, they exhibited similar SRS starting dates and frequencies
early in the process of seizure development. These results there-
fore suggest that there is no simple relation between hippocampal
neuronal loss–mossy fiber sprouting and the genesis of TLE.
However, we also found evidence consistent with the prominent
hypothesis that hippocampal neuronal loss and mossy fiber
sprouting play a critical role in the progression of TLE (for
review, see Lothman and Bertram, 1993; Engel, 1996; Lowen-
stein, 1996; Wasterlain et al., 1996; Coulter, 1999; Houser, 1999;
Ben-Ari and Cossart, 2000). In comparison with the 3KA group,
the 1KA group displayed massive neuronal loss and mossy fiber
sprouting as well as significantly prolonged episodes of seizures
over the whole process of seizure development and more frequent
severe seizures (i.e., stages 4–6) later in the process.

Figure 4. Microphotographs showing Timm stain (Timm)
(A–C) and immunohistochemical stain for enkephalin
(ENK ) (D–F), neuropeptide Y (NPY ) (G–I), and synapto-
physin (Syn) ( J–L) in rats receiving injections of saline (A, D,
G, J ), a single KA (1K A) (B, E, H, K ), or triple KA (3K A)
(C, F, I, L) 20 weeks after the last saline or KA injection.
Adjacent sections (A, B, D, E, G, H, K, J, and C, F, I, L) were
obtained from the same brains. g, Granule cell layer of the
dentate gyrus; IML, inner molecular layer of the dentate
gyrus; sub, subgranule layer of the dentate gyrus. Magnifica-
tion: 70� for all microphotographs.
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Two reservations about our results should be considered. First,
because these data were obtained from Fischer-344 rats only, they
may be strain specific, given that different strains of rats exhibit
different neurotoxicity or severity of behavioral seizures in re-
sponse to KA (Sanberg et al., 1979; Golden et al., 1991, 1995) and
that the degree of KA-induced mossy fiber sprouting is signifi-
cantly different among different strains of rats (Xu and Racine,
1999). Second, the results may be preparation specific, because
they were obtained with the KA preparation, which has been
claimed by some researchers to be inferior to the pilocarpine
preparation. It has been suggested that in contrast to the KA
preparation in which SRS automatically disappears several
months after the occurrence of the first episode of SRS, both the
pilocarpine preparation and patients with TLE exhibit a similar
life-long occurrence of SRS, if not treated (Cavalheiro et al.,
1982, 1991). Nevertheless, these two possibilities seem unlikely,
because in experiment 5 we observed that the 1KA and 3KA
Wistar rats and the 1Pilo and 2KA–1Pilo Fischer-344 rats showed
results similar to those of the 1KA and 3KA Fischer-344 rats.

Dissociations between the genesis of TLE and neuronal loss or
mossy fiber sprouting have been reported in both humans and
animals, but the results were inconclusive. Thus, although it has
been observed that SRS in some patients with TLE were success-
fully controlled by partial removal of hippocampal tissue that
exhibited no neuronal loss (Spencer and Spencer, 1994; Mathern
et al., 1995), removal of hippocampal tissue might disrupt the
critical neuronal pathways responsible for epileptogenesis in-

duced by neuronal loss in other parts of the hippocampus or other
regions of brain. Although some KA-treated rats with evidence of
frequent SRS exhibited no neuronal loss in the hippocampus
(Sloviter, 1992; Buckmaster and Dudek, 1997), SRS in these rats
could have been generated in other regions of brain exhibiting
neuronal loss, because a single KA-induced sustained epileptic
status results in massive neuronal death in the hippocampus and
other regions of brain (Ben-Ari, 1985; Sperk, 1994; Covolant and
Mello, 2000; Hopkins et al., 2000). In separate experiments, we
and others have been able to dissociate mossy fiber sprouting
from the kindling of limbic seizures (Elmer et al., 1997; Mohapel
et al., 1997, 2000; Armitage et al., 1998), although kindling typi-
cally does not evoke SRS, the hallmark of TLE. Other research-
ers have shown that blockade of mossy fiber sprouting by the
protein synthesis inhibitor cyclohexamide does not affect the
occurrence of SRS in the rat KA and pilocarpine preparations of
TLE (Longo and Mello, 1998, 1999), but this finding is contro-
versial (Williams et al., 2000).

In summary, we found that triple KA injections produced two
priming episodes and one sustained episode of epileptic status
associated with undetectable neuronal loss or mossy fiber sprout-
ing. We also observed that after sustained epileptic status induced
by either KA or pilocarpine, Fischer-344 and Wistar rats with and
without detectable neuronal loss and mossy fiber sprouting
exhibited similar SRS starting dates and frequencies early in
the seizure development process, whereas the rats with mas-
sive neuronal loss and mossy fiber sprouting displayed signifi-
cantly prolonged episodes of chronic seizures over the whole
process of seizure development and more frequent severe

Figure 5. A, Mean frequency of stages 4–6 seizures per week over the 20
week period after a single KA (1K A) and triple KA (3K A) injections in
Wistar rats. Starting from week 9, there were a significant group effect
(F(1,6) � 13.846; p � 0.05) and a significant interaction of groups over time
(F(1,6) � 14.640; p � 0.001) in the frequency of stages 4–6 seizures
between 1KA and 3KA groups. B, Neuronal loss and mossy fiber sprout-
ing (MFS) in Wistar rats receiving 1KA, 3KA, and saline injections.
Neuronal loss was quantified by counting the total number of
somatostatin-immunoreactive neurons in the hippocampal dentate hilus,
and mossy fiber sprouting was scored in the ventral hippocampus in
Timm-stained sections.

Figure 6. A, Mean frequency of stages 4–6 seizures per week over the 20
week period after a single pilocarpine injection (1Pilo) and two KA plus
one pilocarpine injections (2K A–1Pilo) in Fischer-344 rats. Starting from
week 9, there were a significant group effect (F(1,6) � 17.229; p � 0.05) and
a significant interaction of groups over time (F(3,6) � 28.806; p � 0.001) in
the frequency of stages 4–6 seizures between 1Pilo and 2KA–1Pilo
groups. B, Neuronal loss and mossy fiber sprouting (MFS) in Fischer-344
rats receiving 1Pilo, 2KA–1Pilo, and saline injections in Fischer-344 rats.
Neuronal loss and mossy fiber sprouting were quantified using the same
protocols as those in Figure 5.
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seizures later in the process. There are two implications of
these results. First, neuronal loss and mossy fiber sprouting do
not relate in any obvious way to the genesis of TLE. However,
we note that results are indeed correlational and do not pro-
vide direct evidence conclusively establishing or refuting a
causal role for neuronal loss and mossy fiber sprouting in the
genesis of TLE. Hence it remains possible that neuronal loss
and mossy fiber sprouting are two mechanisms among many—
such as neurogenesis (Parent et al., 1997; Nakagawa et al.,
2000), changes in the balance of excitatory and inhibitory
processes (Ben-Ari and Cossart, 2000; de Curtis and Avanzini,
2001; Gorter et al., 2001), or alterations in release or postsyn-
aptic effects of neurotransmitters (Rogawski and Donevan,
1999; Reibel et al., 2000; Takahashi et al., 2000; Sanchez et al.,
2001)—that underlie the genesis of TLE. Nevertheless, the
3KA preparation of TLE established in the present study
provides a powerful new strategy for investigating mechanisms
other than neuronal loss and mossy fiber sprouting, because the
3KA preparation is associated with undetectable neuronal loss
and mossy fiber sprouting. Second, neuronal loss, mossy fiber
sprouting, or both might play an important role in the prolon-
gation of seizures throughout the process of chronic seizure
development as well as in the escalation of mild seizures into
severe seizures later in the process. Indeed, other recent find-
ings suggest that both neuronal loss and mossy fiber sprouting
play a role in the intensification of chronic seizure develop-
ment: rats displaying extensive neuronal loss and mossy fiber
sprouting bilaterally in the hippocampus experienced increas-
ing frequency of SRS (Gorter et al., 2001).

Plausible mechanism underlying priming
seizure-induced protection of neurons against severe
epileptic status
It is known that priming or preconditioning of the brain and heart
with mild hypoxic–ischemic insults can protect neurons and mus-
cle against subsequent severe ischemic attacks, and a common
mechanism probably underlies priming hypoxia-induced protec-
tion of both neurons and muscles against severe ischemic attacks
(for review, see Abbracchio and Cattabeni, 1999; Rubino and
Yellon, 2000). The same mechanism may also underlie priming
seizure-induced protection of neurons against sustained epileptic
status, because mild priming ischemia and KA-elicited mild prim-
ing seizures mutually inhibit neuronal death associated with KA-
induced sustained epileptic status and severe ischemic attacks,
respectively (Plamondon et al., 1999).
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