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Abstract

Hippocampal epileptogenesis is hypothesized to involve secondary mechanisms triggered by
initial brain injury. Chemoconvulsant-induced status epilepticus has been used to identify
secondary epileptogenic mechanisms under the assumption that a seizure-free, pre-epileptic “latent
period” exists that is long enough to accommodate delayed mechanisms. The latent period is
difficult to assess experimentally because early spontaneous seizures may be caused or influenced
by residual chemoconvulsant that masks the true duration of the epileptogenic process. To avoid
the use of chemoconvulsants and determine the latency to hippocampal epileptogenesis and
clinical epilepsy, we developed an electrical stimulation-based method to evoke hippocampal
discharges in awake rats, and produce hippocampal injury and hippocampal-onset epilepsy
reliably. Continuous video-monitoring and granule cell layer recording determined whether
hippocampal epileptogenesis develops immediately or long after injury. Bilateral perforant
pathway stimulation for 3 hr evoked granule cell epileptiform discharges and convulsive status
epilepticus with minimal lethality. Spontaneous Stage 3—5 behavioral seizures reliably developed
within 3 days post-stimulation, and all 72 spontaneous behavioral seizures recorded in 10 animals
were preceded by spontaneous granule cell epileptiform discharges. Histological analysis
confirmed a reproducible pattern of limited hippocampal and extra-hippocampal injury, including
an extensive bilateral loss of hilar neurons throughout the hippocampal longitudinal axis. These
results indicate that hippocampal epileptogenesis after convulsive status epilepticus is an
immediate network defect coincident with neuron loss or other early changes. We hypothesize that
the latent period is directly related and inversely proportional to the extent of neuron loss in brain
regions involved in seizure initiation, spread, and clinical expression.
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INTRODUCTION

Brain injuries are suspected causes of acquired temporal lobe epilepsy (TLE; French et al.,
1993; Engel, 1996; Chang and Lowenstein, 2003). The seizure-free “latent” period that often
follows brain injury is of unknown mechanistic significance, but is commonly regarded as
the duration of “epileptogenesis.” The temporal mismatch between a presumed initial injury
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and the onset of clinically detectable epilepsy was attributed early-on to the concept of the
“ripening of the scar” (Earle et al., 1953), which refers to a presumably gradual
epileptogenic process. The idea that epileptogenesis is a gradual secondary process, rather
than an immediate network imbalance caused by neuron loss or other early effects, has had
significant conceptual impact historically and experimentally despite the fact that epilepsy
can begin without delay after brain injury, or in the absence of any known antecedent injury
(French et al., 1993; Wieser, 2004; Mikaeloff et al., 2006).

Convulsive status epilepticus (SE)-induced brain damage in rats is the most commonly used
method to investigate epileptogenic mechanisms experimentally, primarily because
prolonged SE induced by chemoconvulsants (Pisa et al., 1980; Cavalheiro et al., 1982;
Turski et al., 1987; Mello et al., 1993), or electrical stimulation (Lothman et al., 1990;
Bertram and Cornett, 1993; Nissinen et al., 2000; Mazarati et al., 2002) produces a
permanent epileptic state. Initial chance observations of spontaneous seizures long after SE
was induced (Pisa et al., 1980), and the results of non-continuous behavioral monitoring
after convulsive SE (Cavalheiro et al., 1982; Lothman et al., 1990; Priel et al., 1996; Arida
etal., 1999; Nissinen et al. 2000; Glien et al., 2001; Brandt et al., 2003), established and
reinforced the notion that a prolonged seizure-free latent period reliably follows convulsive
SE in rats (Leite et al., 2002; Stables et al., 2003). The idea that rats are reliably “pre-
epileptic” for several weeks post-SE is crucial for hypotheses that invoke delayed secondary
processes as likely epileptogenic mechanisms (Tauck and Nadler, 1985; Parent et al., 1997;
Chang and Lowenstein, 2003), and is also important because a “therapeutic window” must
be open long enough after injury to permit practical anti-epileptogenic intervention (Stables
et al., 2003; Stafstrom and Sutula, 2005).

Two recent studies that used continuous video-monitoring of pilocarpine-treated rats after
prolonged behavioral SE reported that spontaneous behavioral seizures began within days
after convulsive SE (Raol et al., 2006; Goffin et al., 2007). A third recent study in
pilocarpine-treated rats, which involved video monitoring only on days 3 and 6 post-SE, also
reported that pilocarpine-treated rats were spontaneously epileptic during the first week after
convulsive SE that lasted only one hour (Jung et al., 2007). Thus, even a relatively brief
duration of behavioral SE was associated with a minimal latency to clinical epilepsy.
However, the presence of circulating chemoconvulsant in these studies confounds
interpretation of the results because early seizures could be caused or influenced by residual
chemoconvulsant in the days following chemoconvulsant injection. Thus, it remains unclear
whether a “pre-epileptic” latent period long enough to accommodate relatively slowly
developing secondary mechanisms exists following convulsive SE-induced injury.

A second assumption about rodents subjected to prolonged convulsive SE is that the
spontaneous behavioral seizures that develop in these animals reflect completion of a
process of hippocampal epileptogenesis, despite a lack of evidence in vivo that the
hippocampus in general, or the dentate granule cells, in particular, are the source of the
spontaneous seizures that define post-SE animals as “epileptic.” To the contrary, we
observed during more than 200 spontaneous seizures in pilocarpine-treated rats that the
hippocampus did not appear to be a source of the seizures (Harvey and Sloviter, 2005),
suggesting that the predominantly extra-hippocampal pathology caused by convulsive SE
(Schwob et al., 1980; Turski et al., 1983; Chen and Buckmaster, 2005; Harvey and Sloviter,
2005; Niessen et al., 2005) may not reliably involve hippocampal epileptogenesis. Given
these issues inherent in the use of chemoconvulsant-induced SE as an epileptogenic insult,
we developed an electrical stimulation model in awake rats that was designed to: 1) activate
and injure the hippocampus reliably and reproducibly by forcing it to discharge throughout
the duration of SE; 2) avoid the use of chemoconvulsants, the residual presence of which
might mask the true duration of the latent period, and; 3) produce a model that reliably
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exhibits spontaneous dentate granule cell epileptiform discharges prior to the onset of each
behavioral seizure, and do so without producing significant lethality or severe brain damage.
We then used continuous (24/7) video monitoring and bilateral depth recording directly
from the dentate granule cell layers to determine the latency to both hippocampal
epileptogenesis and clinical epilepsy following prolonged convulsive SE.

METHODS

Animal treatment

Fifty-five Male Sprague-Dawley rats (350—450g; Harlan Sprague Dawley; Indianapolis, IN)
were treated in accordance with the guidelines of the National Institutes of Health for the
humane treatment of animals, and the methods used were approved by the University of
Avrizona Institutional Animal Care and Use Committee. The 55 rats included 25 rats given
pilocarpine, 3 rats that received vehicle injections (controls for pilocarpine-treated rats), 19
implanted and stimulated rats, 4 implanted sham controls, and 4 implanted, stimulated rats
used only to assess paired-pulse responses before and after stimulation.

Pilocarpine-induced status epilepticus

Rats were given atropine methylbromide (1mg/kg sc in saline vehicle; Sigma, St. Louis,
MO), followed 30 min later by pilocarpine hydrochloride (350—380 mg/kg sc in saline;
Sigma). Different doses were used in different groups when it was determined that few
animals entered SE after the lower dose. Controls received two saline injections. After 3 hr
of continuous behavioral SE (usuall ~3.5 hr after pilocarpine injection), behavioral seizures
were terminated abruptly by halothane inhalation, and their reoccurrence was suppressed by
a sub-anesthetic dose of urethane (0.8 g/kg sc). This drug combination was used after it was
determined in pilot studies using hippocampal depth recording and behavioral observation
that this treatment fully suppressed both the behavioral seizures and the hippocampal
electrographic discharges. Pilocarpine-treated rats appeared lethargic and did not eat for
several days after SE, which necessitated subcutaneous injections of saline and provision of
apple slices.

Perforant pathway stimulation-induced status epilepticus

Rats were implanted bilaterally with two stimulating and two recording electrodes in the
angular bundles of the perforant pathways and dentate granule cell layers, respectively,
under chloral hydrate anesthesia, as previously described (Harvey and Sloviter, 2005). At
least one week after surgery, awake animals were stimulated bilaterally for 3 hr using a
previously described stimulus train paradigm designed to evoke hippocampal granule and
pyramidal cell discharges (Sloviter et al., 1996) throughout the duration of stimulation.
Stimulation consisted of 15 — 20 V paired-pulse stimuli delivered at 2 Hz, with a 40 msec
interpulse interval, plus 10 sec long, 20 Hz stimulus trains of single, 15 — 20 V stimuli
delivered once per minute. After 3 hr of continuous behavioral SE, behavioral seizures were
terminated abruptly by halothane inhalation, and their reoccurrence was suppressed by a
sub-anesthetic dose of urethane (0.8 g/kg sc). Stimulated rats appeared to be fully recovered
behaviorally approximately one day after urethane injection. Stimulated rats appeared
healthier one day post-SE than pilocarpine-treated rats, and were usually eating and drinking
ad libitum by two days post-SE.

Electrophysiological and video monitoring methods

Electrical stimulation in awake animals utilized stimuli (0.1 msec duration) generated by a
Grass S88 stimulator and stimulus isolation unit (Grass Instruments, West Warwick, RI).
Evoked and spontaneous granule cell layer activity during and after stimulation-induced SE
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was amplified and recorded digitally at a 10 kHz sampling rate (AD Instruments, Mountain
View, CA). After the end of 3 hr of perforant pathway stimulation-induced SE, the granule
cell layer recording electrodes recorded spontaneous activity continuously (24/7) and stored
digitally and automatically in 6 hr epochs. Each day, the preceding 24 hr of recordings were
assessed visually, and all events with amplitudes obviously larger than baseline were
expanded and analyzed qualitatively and quantitatively. Each confirmed epileptiform event
was related to behavior on the time-stamped video recordings of behavior, as described
below.

Continuous (24/7) video-monitoring began immediately after the end of SE utilizing
Panasonic model 9622 color CCD day/night infrared cameras. Video files were captured at
30 frames/sec and time-stamped for integration with the electrophysiological data using
surveillance software (Ben Software, London, UK), and stored digitally. Video files were
played back and observed at high speed (6—12X) to detect behavioral seizures, without
knowledge of the electrophysiological data. Spontaneous behavioral seizures were scored
according to the Racine scale (Racine, 1972). Only behavioral seizures clearly identifiable
by video analysis on review at normal playback speed as Stage 3—5 motor seizures were
counted during analysis. Due to the urethane anesthesia used to prevent reoccurrence of SE
after its termination by halothane inhalation, analysis of the video data began 24 hr after the
end of SE, when rats appeared to be fully recovered. Given these methodological
considerations, the earliest seizure latency possible was on day 2 after SE (the 24 hr period
starting 24 hr post-SE). Thus, the estimated seizure latencies and frequencies are
conservative underestimates.

Perfusion-fixation and tissue treatment

Rats were anesthetized with urethane and perfused through the aorta by gravity-feed with
saline for 2 min followed by 4% paraformaldehyde in 0.1M phosphate buffer, pH 7.4, for 10
min. After storage of the intact rats overnight at 4°C, brains were removed from the skull
and 40 um-thick sections were cut in 0.1M Tris (hydroxymethylaminomethane) buffer, pH
7.6, using a Vibratome. Brains were first cut in the horizontal plane from the base of the
brain, and then the remaining block was cut coronally. All histological and
immunocytochemical procedures were as previously described (Sloviter et al, 2006).

Immunocytochemistry protocol

Sections were mounted on Superfrost Plus slides, air dried, and placed in 0.1M TRIS buffer,
pH 7.6 (TRIS). Slides were then immersed in 85—87°C TRIS for 1 min, washed in TRIS,
and placed in TRIS containing 0.25% bovine serum albumin (BSA, fraction V; Sigma) and
0.1% Triton X-100. Slides were incubated overnight in mouse anti-NeuN (diluted 1:10,000;
MAB377; Chemicon). Anti-NeuN was raised against purified cell nuclei from mouse brain,
and recognizes 2—3 bands in Western blots in the 46—48 kDa range, and possibly another
band at approximately 66 kDa, which constitutes unknown nuclear proteins (Mullen et al.,
1992). After primary antibody incubation, slides were washed in TRIS-BSA-Triton X
buffer, pH 7.6 (2x5 min minimum). Slides were incubated in biotinylated secondary
antibody solution (1:2000 dilution of goat anti-mouse; Vector Labs, Burlingame, CA) in
TRIS-BSA-Triton X buffer for 2 hr, washed in the same buffer, and then incubated for 2 hr
in avidin-biotin-HRP complex (Vector Labs Elite kit diluted 1:1000 in TRIS-BSA-Triton X
buffer). Slides were then washed in TRIS (3x5 min minimum) and incubated in a hydrogen
peroxide-generating DAB solution (100ml TRIS containing 50 mg DAB, 40 mg ammonium
chloride, 0.3 mg glucose oxidase, and 200 mg B-D-glucose). After incubation in DAB
solution (20—30 min), slides were rinsed in TRIS, dehydrated in graded ethanols and xylene,
and coverslipped with Permount. Other sections were Nissl-stained (1% cresyl violet) or
stained with Fluoro-Jade B (Schmued and Hopkins, 2000) to visualize degenerating neurons.
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Light microscopic imaging methods

Brightfield images were acquired digitally on a Nikon EB00M microscope with a
Hamamatsu C5180 camera. Adobe Photoshop 7.0 was used to acquire images and optimize
contrast and brightness, but not to enhance or change the image content. For comparison
photographs, all tissue sections were photographed under identical conditions of exposure,
and any changes made in brightness or contrast were applied uniformly to all photographs.

Hilar neuron counting

To estimate the extent of hilar neuron loss following perforant pathway stimulation-induced
SE, we analyzed three non-consecutive NeuN-immunostained sections from the dorsal
hippocampus and three sections from the ventral hippocampus (at the levels shown in Figure
7) of control and experimental rats. The hilar cell counts included all neuronal somata within
the hilus that were not in contact with the granule cell layers, and were outside the somal
and dendritic regions of area CA3c. Hilar neurons were not counted in Nissl-stained sections
because neurons could not be reliably differentiated from many of the glial cells that
proliferate after seizure-induced damage. Two groups of stimulated rats, which survived for
7-10 days or for 42—120 days, addressed the inaccuracy inherent in counting hilar neurons
after SE. We hypothesized that rats killed shortly after stimulation, before neurogenesis had
added a maximal number of new cells to the hilus (Parent et al., 1997), might provide a
more accurate estimate of the number of hilar neurons that had survived the convulsive SE.
In addition, although newly born granule cells are generally smaller than normal hilar
neurons, a tangentially cut and stained soma of a large cell can be difficult to distinguish
from a centrally-cut ectopic granule cell. Therefore, we counted the total number of NeuN-
immunopositive hilar neurons in 6 sections from sham controls (n=3), from rats that
survived for 7—10 days (n=4), and from rats that survived for 42—120 days (n=4). Group
means were compared using Student's t test.

RESULTS

Experiment 1: Spontaneous seizure latency after 3 hr of pilocarpine-induced SE

We analyzed two weeks of continuous video recordings of 7 pilocarpine-treated rats that
survived 3 hr of continuous convulsive SE. This was done primarily to confirm the results of
three previous studies, all of which reported that pilocarpine-treated rats developed
spontaneous behavioral seizures during the first week post-SE (Raol et al., 2006; Goffin et
al., 2007; Jung et al., 2007). Seventeen of 25 pilocarpine-treated rats entered convulsive SE,
of which ten died during or after 3 hr of convulsive SE. This high mortality rate is typical of
pilocarpine use (Glien et al., 2001; Goffin et al., 2007). All 7 surviving pilocarpine-treated
animals exhibited spontaneous Stage 3—5 behavioral seizures (Racine, 1972) during the first
week post-SE. The first spontaneous seizures were observed an average of 4.9 + 0.9 days
post-SE (range: 2—9 days; median: 4 days; n=7). The average frequency of Stage 3—5
behavioral seizures per day over the 2 week observation period was 1.4 + 0.5 behavioral
seizures per rat per day (range: 0—19 seizures/ day; median: 0.6 seizures; n=7). The average
total number of seizures per rat over the entire observation period was 19.1 + 6.6 seizures
(range: 5—50 seizures; median: 9 seizures; n=7). Three pilocarpine-treated rats that did not
develop convulsive SE, and were assigned to a control group for that reason, exhibited no
spontaneous behavioral seizures during the 2 week post-SE observation period. Similarly, 3
saline-treated rats exhibited no spontaneous seizures during the same observation period.
Thus, all pilocarpine-treated rats that survived 3 hr of behavioral SE exhibited spontaneous
seizures during the first week post-SE.

Pilocarpine-treated rats were not implanted with electrodes in this study because the purpose
of this experiment was only to confirm, by continuous behavioral observation, the recent
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findings that pilocarpine-treated rats reliably exhibit a minimal latent period (Raol et al.,
2006; Goffin et al., 2007; Jung et al., 2007). Spontaneous hippocampal activity during
epileptic seizures in pilocarpine-treated rats was the subject of a previous study (Harvey and
Sloviter, 2005), in which we reported that during more than 200 spontaneous seizures in
pilocarpine-treated rats, none appeared to be hippocampal-onset seizures, a finding
diametrically opposite to the observations in the perforant pathway-stimulated rats described
below.

Experiment 2: Spontaneous seizure latency after 3 hr of perforant pathway stimulation-

induced SE

We used perforant pathway stimulation to evoke hippocampal granule cell epileptiform
discharges and behavioral SE throughout the 3 hr SE period, with the purposes of both
avoiding the involvement of a chemoconvulsant drug, and consistently producing both
hippocampal injury and hippocampal epileptogenesis.

Initiation of convulsive SE—After paired test stimuli were delivered at 0.1 Hz and a 40
msec interpulse interval to assess normal paired-pulse suppression (Fig. 1A), 3 hr of bilateral
perforant pathway stimulation was initiated. Bilateral stimulation was used to replicate the
bilateral seizure activity and brain damage produced by chemoconvulsant-induced SE. The
afferent stimulation paradigm used to evoke dentate granule cell epileptiform discharges and
behavioral SE consisted of continuous stimulation at 2 Hz with paired pulses 40 msec apart
plus 10 sec-long trains of single pulses delivered at 20 Hz once per minute, as shown in
Figure 1, B1. During the 50 sec periods between the 10 sec-long 20 Hz trains, 2 Hz paired
stimuli evoked granule cell epileptiform discharges, as shown in the expanded trace in
Figure 1, Bla. After 3 hr of continuous granule cell epileptiform activity and convulsive
behavioral SE (3 hr after the start of stimulation), both were abruptly terminated by
halothane inhalation, and maintained by a sub-anesthetic dose of urethane (0.8 g/kg sc).

Latency to spontaneous behavioral seizures after 3 hr of stimulation-induced
SE—Of 19 chronically-implanted rats that began 3 hr of perforant pathway stimulation, one
died during SE after a severe tonic-clonic seizure. Of the 18 remaining rats, 17 exhibited
numerous spontaneous Stage 3—5 behavioral seizures throughout the 2 week post-SE
observation period. Stage 3—5 behavioral seizures were not observed in the one remaining
rat, which did exhibit two electrographic seizure discharges associated with Stage 2
behavioral seizures, on days 3 and 9 post-SE. Of the 17 rats that exhibited spontaneous
Stage 3—5 behavioral seizures, 10 had their first detected Stage 3—5 behavioral seizure by
day 2 post-SE (the period 24—48 hr post-SE), and 16 of the 17 rats exhibited their first Stage
3-5 behavioral seizures by day 4 post-SE. On average, the first spontaneous seizure
occurred 2.6 + 0.4 days post-SE (range: 1—8 days; median: 2 days; n=17). This is a
conservative estimate because most rats were not fully ambulatory on the first day after SE
(0—24 hr post-SE) and, therefore, behaviors were not assessed. In addition, we only counted
obvious Stage 3—5 motor seizures (Racine, 1972) as “seizures” during the two week
observation period. Less obvious Stage 1 and 2 behaviors were not counted because rats
often did not face the camera, and subtle movements could not be accurately evaluated
during video playback. The average frequency of Stage 3—5 seizures over the 2 week
observation period was 0.6 + 0.1 seizures per rat per day (range: 0—7 seizures per day;
median: 0.6 seizures; n=18 rats). The average total number of Stage 3—5 behavioral seizures
during the 2 wk observation period was 7.6 £ 1.1 behavioral seizures per rat (range: 0—17
seizures; median: 7.5 seizures; n=18). No spontaneous behavioral seizures were observed in
4 implanted control rats not subjected to stimulation-induced SE, but which were stimulated
for 3 hr at 0.1 Hz and then given halothane and the sub-anesthetic dose of urethane.
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Decreased paired-pulse suppression after convulsive SE—We intentionally
avoided stimulating rats after the end of convulsive SE because afferent stimulation might
affect the latency to spontaneous seizures. However, in one rat, which exhibited two
spontaneous seizures on day 2 post-SE, and was therefore judged to be “epileptic,” we
delivered 4 paired pulses to the perforant pathway at 0.1 Hz (two stimuli with a 20 msec
interpulse interval and two stimuli with a 40 msec interpulse interval) on the 3rd day post-
SE (Fig. 1A). This was done to determine whether the dentate granule cells were
hyperexcitable coincident with acute neuron injury, as we have found in previous studies
involving the chemoconvulsants kainic acid and pilocarpine (Sloviter and Damiano,
1981a;Sloviter, 1992;Harvey and Sloviter, 2005;Sloviter et al., 2006) or perforant pathway
stimulation (Sloviter and Damiano, 1981b;Sloviter, 1987;1991b). Granule cells exhibited
decreased paired-pulse suppression after 3 hr of SE (Fig. 1A). Identical stimulation was
performed in four additional rats not used to determine the latency to spontaneous
behavioral seizures. Paired pulses delivered before and 3 days post-SE confirmed that all 5
rats tested exhibited decreased paired-pulse suppression at 0.1 Hz and a 40 msec interpulse
interval compared to the response before stimulation, as illustrated in Figure 1A.

Spontaneous activity in the dentate granule cell layer post-SE—Of the 18
stimulated rats described above, 11 were chosen for continuous awake recording because
their recording electrodes were judged to be optimally located within the granule cell layer
on the basis of their characteristic responses to afferent stimulation (Andersen et al., 1966;
Sloviter, 1991a). Continuous granule cell layer recording and synchronized video
monitoring revealed that within one day after SE, dentate granule cells generated frequent
spontaneous potentials (Fig. 1C) virtually identical to the potentials evoked by perforant
pathway stimulation (Fig. 1A). Sham control animals (n=4), which also had stimulating
electrodes implanted in the angular bundles of the perforant pathways, did not generate
similar spontaneous potentials. By the second day post-SE, all 11 rats exhibited spontaneous
granule cell potentials containing population spikes. Initially, these spontaneous population
discharges consisted of single (Fig. 1, C1) and multiple population spikes (Fig. 1C, 2—5) that
were not accompanied by obvious behavioral manifestations. More prolonged epileptiform
granule cell discharges (Fig. 1, D1) were recorded in 7 of 11 rats by day 2 post-SE (24—48
hr post-SE; the first day of video analysis), and in 10 of 11 rats by day 3 post-SE. Whenever
spontaneous granule cell layer discharges contained high-frequency, negative-going
population spikes (Fig. 1, D1a expanded), the onset of Stage 3—5 behavioral seizures
(asterisk in Fig. 1, D1) occurred within ~20—30 seconds after the start of the initial high-
amplitude granule cell layer activity. The granule cell layer activity that preceded the first
signs of each behavioral seizure was a characteristic feature of the spontaneous behavioral
seizures initiated by stimulation-induced SE (Figs. 1 and 2). Thus, all 72 Stage 3—5
behavioral seizures observed in the 10 continuously recorded rats that exhibited Stage 3—5
behavioral seizures appeared to be “hippocampal-onset” in nature. However, we emphasize
that this term refers to hippocampal seizure discharges that precede or accompany
behavioral seizure manifestations, but does not imply that the hippocampus must be the
primary seizure source (Spencer and Spencer, 1994; Spencer, 1998).

There was a clear and consistent correlation between the presence or absence of high-
frequency granule cell discharges, and the occurrence or absence of Stage 3—5 behavioral
seizures (Fig. 2). High-amplitude granule cell layer activity that consisted of positive-going
field “EPSPs” (Andersen at el., 1966), but few large-amplitude granule cell population
spikes (Fig. 2, A and B), was never followed by Stage 3—5 behavioral seizures (n >300
individual granule cell layer population events lacking or containing few high-frequency
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population spikes). Granule cell population activity that lacked or contained few high-
frequency population spikes occurred without any obvious behavioral correlate, or were
followed solely by staring or head and chewing movements. Conversely, spontaneous
granule cell layer events that started with field depolarizations, and then progressed to
include high-frequency granule cell epileptiform discharges (Fig. 2, C and D), were
invariably followed by Stage 3—5 behavioral seizures (n=72 Stage 3—5 behavioral seizures
recorded in 10 rats).

Granule cell layer activity during one 6 minute-long event in an awake epileptic rat well
illustrated the apparently causal relationship between granule cell layer activity and clinical
seizure onset (Fig. 3). At the beginning of this single 6 minute-long epoch, the granule cells
began to generate positive-going “field EPSPs” with occasional population spikes at a
frequency of ~ 0.4 Hz (Fig. 3, top trace, expanded in trace 1; 57 events in 160 sec). This was
followed by two distinct higher-frequency events beginning 3.0 and 3.7 min after the onset
of granule cell layer activity (Fig. 1, top trace). Both of these events lacked maximal
amplitude, negative-going epileptiform discharges (Fig. 3, traces 2—5), and were not
accompanied by a behavioral seizure. Approximately 80 sec after the second electrographic
event, however, larger amplitude epileptiform discharges occurred for the first time in this 6
minute-long event (Fig. 3, traces 6—8), and were rapidly accompanied by a Stage 4
behavioral seizure (asterisk in top trace marks behavioral seizure onset).

Spontaneous granule cell layer discharges always preceded spontaneous
behavioral seizures—At the start of some behavioral seizures, animals were not facing
the camera, and the precise start of each behavioral seizure was difficult to determine. In
other cases, animals were actively exploring the cage before the start of a behavioral seizure,
and head or chewing movements could not be definitively judged to be the start of the
seizure. Therefore, without knowledge of the electrophysiological data, we identified 20
spontaneous Stage 3—5 behavioral seizures from the video recordings (from a total of 72
seizures that occurred in 10 rats during the 2-week observation period) that began while the
animals were asleep or still, and facing the camera. In these 20 instances, analysis of the
electrographic granule cell layer activity revealed that high-amplitude, positive-going field
depolarizations (Fig. 1D and Fig. 2, C and D) began an average of 24 seconds (range: 4—61
seconds; n=20 spontaneous behavioral seizures) before the first obvious behavioral seizure
manifestations (sudden awakening, repetitive chewing movements, forepaw clonus, or
rearing). The average duration of these 20 spontaneous granule cell seizure discharges was
44.0 + 5.2 sec (range: 25—103 sec; median: 34.5 sec; n=20), and the average duration of the
behavioral seizures was 26.1 + 2.8 seconds (range: 11-55 sec, median: 21.5 sec; n=20). The
average duration of all 72 spontaneous granule cell seizure discharges was 37.2 + 1.8 sec
(range: 17—-103 sec; median: 34.0 sec; n=72), indicating that the epileptiform discharge
durations of the 20 selected behavioral seizures were representative of the population from
which they were selected.

Bilateral synchrony of granule cell layer spontaneous discharges—An
unexpected and surprising finding that was reliably evident in all epileptic animals was the
bilateral synchrony of all spontaneous granule cell layer events (Figure 4). Virtually all
events, including dendritic field depolarizations, single and multiple population spikes, and
epileptiform discharges, whether they occurred immediately, or weeks after the end of 3 hr
of convulsive SE, were remarkably synchronous in both granule cell layers (Fig. 4). Despite
the extraordinary degree of synchrony, the granule cell layer events were not identical, and
there was no evidence that one recording electrode could detect activity in the contralateral
dentate gyrus, because high amplitude spikes often occurred on one side without any spike
being recorded by the contralateral electrode. The fact that recording electrodes were
randomly implanted in different parts of the dorsal dentate gyrus in different animals, and
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the observation that all animals exhibited highly synchronous discharges, indicate that large
expanses of the granule cell layers were generating highly synchronous, but not identical,
spontaneous population discharges.

Experiment 4: Histological analysis after stimulation-induced convulsive SE

Stimulation-induced convulsive SE for 3 hr resulted in a pattern of bilateral hippocampal
and extra-hippocampal brain damage (Fig. 5) that varied minimally among identically
stimulated rats. Fluoro-Jade B (FJB) staining 4 days post-SE, by which time 16 of 17 rats
had already exhibited their first spontaneous epileptic seizures, revealed selective and
extensive acute neuronal injury in the hilus of the hippocampal dentate gyrus (Fig. 5,
location 1), minor injury in area CA3a (Fig. 4, location 2), and selective damage to the
entorhinal cortex, including Layer Il (Fig. 5, location 3). In addition, acute injury was
reliably produced in multiple layers of the perirhinal cortex (Fig. 5, locations 4 and 5), Layer
Il of the entire neocortex at the level of the section shown (Fig. 5, location 6), as well as in
several thalamic nuclei, the lateral septum, caudate/putamen, and other cortical structures
(Fig. 5, locations 7—12). A similar pattern of acute injury was evident in all 9 rats perfusion-
fixed 4—14 days post-SE. We saw no evidence in stimulated animals of the variable
pathology and vascular/ischemic abnormalities observed in pilocarpine-treated rats (Sloviter,
2005).

Within the hippocampus, coronal sections from 4 control animals showed that the presence
of the recording electrodes and all sham treatments produced no detectable FJB staining
(Fig. 6A). Conversely, 3 hr of perforant pathway stimulation-induced convulsive SE in
awake rats produced degenerating neurons in the dentate hilus, in areas CA3a and CA3c of
the CA3 pyramidal cell layer, and in area CALl (Fig. 6B). In horizontal sections of the same
epileptic animal, acutely degenerating neurons included hilar neurons, dentate granule cells
of the inner blade, and neurons of the entorhinal cortex (Fig. 6C). This acute neuronal injury
is highlighted by immunostaining for NeuN, a neuronal marker protein (Mullen et al., 1992),
which revealed a bilateral loss of NeuN staining in hilar neurons in adjacent sections of the
same animal (Fig. 6E). Adjacent Nissl-stained sections showed that loss of NeuN reflected
degeneration of hilar neurons and cells of the entorhinal cortex (Fig. 7, A and B). Thus, in
the dentate gyrus, which was hyperexcitable and generated spontaneous epileptiform
discharges coincident with the acute neuronal injury, 3 hr of stimulation-induced SE
produced primarily hilar neuron loss throughout the longitudinal axis of both hippocampi,
with most animals exhibiting minor or moderate pyramidal layer injury (Fig. 8D). Despite 3
hr of continuous, verified hippocampal seizure activity, no animals exhibited the extensive
pyramidal cell injury that defines classic hippocampal sclerosis (Sloviter et al., 2007).
Consistent with the acute hippocampal pathology, all epileptic animals perfusion-fixed more
than 4 weeks post-SE exhibited extensive bilateral neuron loss in the dentate hilus (Fig. 8, B
and D) and in Layer Il of the entorhinal cortex (Fig. 8, D and F), as previously described
(Du et al., 1995).

Hilar neuron loss—We counted NeuN-immunopositive hilar neurons in sections from
sham controls, from rats that survived for 7—10 days after SE, and from rats that survived
for 42—120 days post-SE. As stated in the Methods section, the post-SE hilus contains both
surviving hilar neurons and newly-generated ectopic granule cells (Parent et al., 1997).
Therefore, counting the total number of NeuN-immunostained hilar neurons after SE
provides an inherently inaccurate estimate of the number of hilar neurons that were present
prior to stimulation and that survived the insult. The reason for the comparison of shorter
and longer survival groups was the hypothesis that the group that survived for 7—10 days,
before neurogenesis had added a maximal number of new cells to the hilus, might provide a
more accurate estimate of the number of hilar neurons that had survived the convulsive SE.
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Given these considerations, we present these quantitative results as inherently inaccurate
underestimates of the extent of hilar neuron loss.

The numbers of NeuN-immunopositive hilar neurons were counted in 6 sections from each
animal (3 from the dorsal hippocampus in coronal sections and 3 from the ventral
hippocampus in horizontal sections from the same brain). In 3 sham controls, there was an
average of 78.3 £ 12.1 hilar neurons per hippocampus per dorsal section and 151.1 + 2.3
hilar neurons per hippocampus per ventral section. In 4 rats that survived for 7—10 days,
there was an average of 17.6 + 2.8 hilar neurons per dorsal section (78% fewer hilar neurons
than control) and 50.8 £ 5.4 hilar neurons per ventral section (66% fewer hilar neurons than
control). In the 4 rats that survived 42—120 days post-SE, there was an average of 29.7 + 5.8
hilar neurons per dorsal section (62% fewer hilar neurons than control) and 56.1 + 4.4 hilar
neurons per ventral section (63% fewer hilar neurons than control). Both stimulated groups
were significantly different from control (P<0.05), but not from each other (P>0.05). Given
the inherent inaccuracy of counting cells in imperfectly matched sections, these quantitative
data demonstrate only that there was a significant reduction (>60%) in the number of hilar
neurons in both the dorsal and ventral dentate gyrus following 3 hr of convulsive SE.

DISCUSSION

The main original findings of this study are as follows. First, continuous perforant pathway
stimulation that forced the hippocampus to discharge throughout the duration of convulsive
SE, produced a highly reproducible pattern of bilateral hippocampal and extra-hippocampal
injury, and nearly all animals exhibited spontaneous Stage 3—5 behavioral seizures within 3
days post-SE. Second, all spontaneous Stage 3—5 behavioral seizures were preceded by
bilaterally synchronous dentate granule cell layer discharges, which represents the first
unequivocal demonstration of hippocampal-onset epileptic seizures associated with SE-
induced hippocampal injury. Third, hippocampal granule cell epileptogenesis was coincident
with the initial pathology, not delayed secondary processes. Fourth, despite 3 hr of
continuous, confirmed hippocampal seizure activity, no epileptic animals exhibited the
extensive pyramidal cell loss that defines classic hippocampal sclerosis (Margerison and
Corsellis, 1966; Bruton, 1988; Jackson et al., 2004).

Minimal latency to hippocampal epileptogenesis following convulsive SE

Our data suggest that the notion that animals are in a “pre-epileptic” or “non-epileptic” state
for an extended period after prolonged convulsive SE, and that they then become “epileptic”
because a delayed secondary epileptogenic process has gradually matured, is no longer
tenable. The results of three recent studies in pilocarpine-treated rats (Raol et al., 2006;
Goffin et al., 2007; Jung et al., 2007), and our results in pilocarpine-treated rats reported
here, indicate that the pilocarpine model of epileptogenesis exhibits a latent period too short
to accommodate delayed secondary epileptogenic mechanisms. Our finding that electrically
stimulated rats, like pilocarpine-treated rats, exhibited spontaneous clinical epilepsy without
delay after initial injury demonstrates that the minimal latency to clinical epilepsy after
convulsive SE is not model-specific or related to the presence of residual chemoconvulsant,
but is an immediate consequence of prolonged convulsive SE per se.

Continuous monitoring via bilateral granule cell layer recording electrodes in awake animals
revealed that the onset of spontaneous granule cell epileptiform discharges, i.e. confirmed
hippocampal epileptogenesis after hippocampal injury, was coincident with the initial insult
and the acute neurodegenerative phase, rather than a delayed secondary process. Dentate
granule cells in awake rats generated spontaneous population spikes (“fast ripples;” Bragin
et al., 2002) and full epileptiform granule cell discharges shortly after stimulation-induced
SE, and these epileptiform discharges preceded each and every spontaneous behavioral
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seizure in all rats that exhibited Stage 3—5 epileptic seizures. Thus, many of the abnormal
granule cell population events observed in hippocampal slices from chronically epileptic
chemoconvulsant-treated rats, and attributed to the reactive synaptic reorganization (Tauck
and Nadler, 1985; Wuarin and Dudek, 1996) triggered by hilar mossy cell degeneration (Jiao
and Nadler, 2007), are unlikely to be causally related to any delayed secondary process. A
similar conclusion was reached by Strafstrom and colleagues in kainate-treated rats when
they noted that spontaneous seizures began before synaptic reorganization (Stafstrom et al.,
1992). The close temporal association between initial hippocampal neuron loss, granule cell
hyperexcitability, and directly recorded hippocampal granule cell seizure discharges in
awake epileptic animals is consistent with the hypothesis that hippocampal principal cell
hyperexcitability is an immediate network defect caused by the initial neuron loss (Sloviter,
1987; 1991b, 1994), or other rapid changes (Brooks-Kayal et al., 1998; Goodkin et al.,
2005).

Although spontaneous granule cell epileptiform discharges always occurred before, or
coincident with, the spontaneous behavioral seizure-onsets, these hippocampal events could
have been triggered by discharges originating from within the damaged entorhinal cortex
(Schwob et al., 1980; Du et al., 1993; 1995; de Guzman et al., 2008), or other brain nuclei
(Spencer and Spencer, 1994; Cohen et al., 2002), and may not have arisen de novo from
within the dentate gyrus. The early appearance of spontaneous field potentials and
population spikes virtually identical to the potentials evoked by perforant pathway
stimulation is consistent with a seizure origin in the entorhinal cortex, although the ultimate
seizure source is unknown. Regardless of the site of seizure origin, immediate granule cell
hyperexcitability and spontaneous granule cell seizure discharges were associated with acute
neuronal injury that occurred throughout the longitudinal extent of the dentate hilus, and in
the entorhinal cortex (as well as other regions). The extraordinarily synchronous discharges
that arose spontaneously from the granule cell layers in both hippocampi suggests an origin
in one entorhinal cortex, via ipsilateral and contralateral excitatory projections (Sloviter,
1983), or in both cortices simultaneously. The network mechanism that synchronizes both
hippocampi in vivo cannot be inferred from our data, but the bilateral synchronicity of each
and every spontaneous granule cell discharge is evidence that such a mechanism exists.

With regard to the properties of this new animal model of controlled hippocampal and
convulsive SE, several advantages are apparent over existing models that utilize
chemoconvulsants or self-sustained SE initiated by electrical stimulation. First, we found
previously that convulsive SE induced by kainate rarely involved continuous granule cell
discharges during convulsive SE (Sloviter et al., 2003), which presumably explains the
highly variable and often less than extensive hilar neuron loss after kainate-induced SE
(Schwab et al., 1980; Buckmaster and Dudek, 1997; Zappone and Sloviter, 2004). By
forcing the dentate granule cells to discharge throughout the period of convulsive SE, the
perforant pathway stimulation paradigm we used produced a highly uniform pattern of
damage, including extensive dorsal and ventral hilar neuron loss bilaterally, and virtually all
animals exhibited the same minimal latency to the first spontaneous granule cell layer
epileptiform discharge and behavioral epileptic seizure. Second, we have previously
reported that both kainate- and pilocarpine-induced SE involve a vascular abnormality
arising from blood vessels of the hippocampal fissure that causes ischemic injury in addition
to excitotoxic injury (Sloviter, 2005). We saw no evidence of this phenomenon in animals
subjected to stimulation-induced SE. Third, presumably as a result of initiating convulsive
SE in the dentate gyrus (via perforant pathway stimulation), hippocampal injury was reliably
produced, and all spontaneous behavioral seizures involved hippocampal epileptiform
discharges that preceded each behavioral seizure. This contrasts sharply with our previous
finding that pilocarpine-treated rats, monitored under identical conditions, never exhibited
hippocampal-onset seizures (Harvey and Sloviter, 2005). Thus, this new SE model, based on
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continuous afferent stimulation throughout the duration of convulsive SE, reliably involves
hippocampal endfolium sclerosis and hippocampal epileptogenesis, with minimal mortality
and minimal variability among animals.

Limitations of interpretation

Several problems of interpretation were addressed in the experimental design. The main
issues from previous studies on the latency to hippocampal epileptogenesis and clinical
epilepsy include the following. First, non-continuous video monitoring produces an
inherently inaccurate estimate of the latent period. Second, the use of chemoconvulsants
makes any estimation of the latent period uncertain because of the possible effects of the
circulating excitatory substances used to initiate convulsive SE (i.e. kainate or pilocarpine).
Third, the use of EEG recording, which cannot identify the structures generating the
spontaneous discharges, and low sampling rates typical of EEG recording, which cannot
differentiate between low and higher frequency events, makes it difficult to determine
whether hippocampal neurons are involved, or whether high amplitude events are true, high-
frequency “epileptiform” discharges (Fig. 3 in this paper; Harvey and Sloviter, 2005). Our
use of electrical stimulation to induce SE, continuous (24/7) video recording starting
immediately after SE, and depth recording from the dentate granule cell layers at a sampling
rate of 10 kHz avoided these three issues entirely.

However, other factors that can confound interpretation were not eliminated in this study.
First, the use of bilateral electrical stimulation to replicate the bilateral status epilepticus
produced by chemoconvulsants eliminated chemoconvulsants, but introduced the issue of
the possible role of permanently implanted electrodes. Although epileptic seizures were not
observed in chronically-implanted sham controls, the presence of electrodes could have had
some additive or synergistic effect in the stimulated, epileptic animals. This issue is
addressed to some degree by our observation that animals that lost their electrode assembly
after SE still became epileptic in the post-SE period (Bumanglag and Sloviter, unpublished),
but this does not eliminate the issue of electrodes being present before and during
convulsive SE, or the direct damage being present following loss of the electrode assembly.
Second, we noted that the minimal latency to granule cell-onset epilepsy was associated
with extensive hilar neuron loss throughout the longitudinal axis. Although this is consistent
with our earlier hypothesis that mossy cell loss is the cause of the granule cell
hyperexcitability (Sloviter, 1987; 1991b; 1994), this is only a correlation, and the granule
cell epileptogenesis we observed was also correlated with all other pathology, and any other
unmeasured early changes, such as altered receptors, gliosis, and other cellular changes.

What explains the widespread notion of an extended latent period after convulsive SE in

rats?

We attribute the enduring notion of a seizure-free, “pre-epileptic” period of several weeks
duration after convulsive SE in rats to the way the discovery of spontaneous seizures in
kainate-treated rats was first reported, and how it has been reinforced by sporadic behavioral
monitoring methods that unavoidably overestimate the duration of the latent period. In the
first description of spontaneous seizures after convulsive SE of which we are aware, Pisa
and colleagues (1980) reported seeing epileptic seizures 35—77 days post-SE. However,
these authors only started their behavioral observations on day 35, presumably because they
were addressing the issue of whether, not when, spontaneous seizures develop. The notion
of the post-SE latent period as an extended silent period of at least several weeks duration
became the primary rationale for proposing that delayed secondary events are likely
epileptogenic mechanisms (Tauck and Nadler, 1985; Parent et al., 1997; Chang and
Lowenstein, 2003). Although this view has been repeatedly reinforced by studies that used
sporadic monitoring methods (Cavalheiro et al., 1982; Nissinen et al., 2000; Glien et al.,
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2001; Brandt et al., 2003; Kobayashi and Buckmaster, 2003), continuous monitoring of
pilocarpine-treated rats has consistently detected latent periods of less than one week (Raol
et al., 2006; Goffin et al., 2007). In addition, a recent study reported that pilocarpine-induced
SE that lasted for only one hour also resulted in spontaneous seizures during the first week
post-SE (Jung et al., 2007). Our data from pilocarpine-treated rats are identical to those of
these three recent studies, and our data from stimulated animals demonstrate that early
seizures after SE are not model-dependent or related to the presence of residual
chemoconvulsant.

Although 3 hr of confirmed hippocampal epileptiform discharging and convulsive SE was
reliably associated with a minimal latency to the onset of spontaneous epileptic seizures, we
do not deny that injured animals can exhibit an extended period before behavioral seizures
begin, as some studies that have used continuous video observation have reported (Bertram
and Cornett, 1993; Hamani and Mello, 2002; Gorter et al., 2001; Nissinen et al., 2001;
Mazarati et al., 2002; Riban et al., 2002; van Vliet et al., 2004; D'Ambrosio et al., 2005; El-
Hassar et al., 2007), and as we found in this study in one stimulated rat that was
continuously monitored. Several factors undoubtedly explain why some rats do not exhibit
spontaneous behavioral seizures in the first days after convulsive SE-induced injury. First,
damage to the perirhinal cortex and related structures can be so severe after
chemoconvulsant-induced SE (Schwob et al., 1980; Nissinen et al., 2001; Hamani and
Mello, 2002; Harvey and Sloviter, 2005; Sloviter, 2005; Niessen et al., 2005) that clinical
seizure expression may be blocked by the loss of this critical link in the serial seizure circuit,
at least until connections can be re-established, or seizure spread re-routed (Mclntyre and
Gilby, 2007). Second, recent results with perforant pathway stimulation in anesthetized rats
show that remarkably subtle damage to hilar neurons of the dorsal hippocampus, and to
neurons of the entorhinal cortex, amygdala, and thalamus (Sloviter et al., 2007) resulted in a
confirmed 5 week latent period before spontaneous behavioral seizures were observed
(Bumanglag and Sloviter, unpublished observation). The uniformly minimal latencies we
observed in this study may simply be due to the bilaterally extensive neuron loss we reliably
observed. Thus, latent periods, when they occur, may simply reflect limited or unilateral
brain damage (Gorter et al., 2001; Brandt et al., 2003) in more variable animal models,
which keeps focal discharges subclinical for an extended period of time. Our observation
that brief spontaneous granule cell discharges reliably failed to cause Stage 3—5 behavioral
seizures suggests that subtle brain damage, or a lack of brain damage in particular brain
nuclei, may result in an extended period of subclinical seizures (Mazarati et al., 2002) that
has been mistaken for a seizure-free, “pre-epileptic” latent period.

The finding that hippocampal epileptogenesis and clinical epilepsy developed rapidly after
stimulation-induced convulsive SE suggests that the epileptogenic process may have two
main constituent mechanisms, depending on the severity or location of initial injury: 1)
initial neuron loss (Sloviter, 1991b; 1994) and other acute changes (Brooks-Kayal et al.,
1998; Goodkin et al., 2005) that are sufficient to cause clinical epilepsy without a delayed
secondary mechanism, and; 2) a “kindling” process (Goddard et al., 1969; Bertram, 2007)
that may occur after injury in less severely damaged animals. Early clinical seizure
expression after extensive injury may be the result of damage to all brain regions that
normally act as serial barriers to the clinical expression of focal seizure activity. According
to this hypothesis, the presence of a prolonged seizure-free latent period in less severely
damaged rats, and in many human patients, may reflect the time needed for initially
subclinical epileptic discharges (Mazarati et al., 2002; Bragin et al., 2004) to “kindle”
through undamaged seizure barriers, or to recruit nuclei not damaged by the initial insult
(Cavalheiro et al., 1991; Bertram and Cornett, 1993; 1994). Therefore, we hypothesize that
the latent period is directly related, and inversely proportional, to the extent of initial neuron
loss in the brain regions involved in seizure initiation, spread, and clinical expression. Other
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delayed secondary mechanisms triggered by neuron loss or injury could certainly play
pathophysiological roles in models that exhibit a verified latent period, but the hypothesized
roles of synaptic reorganization, neurogenesis, and other delayed secondary processes need
to be studied in models first shown to exhibit a “pre-epileptic” state after injury, as well as
granule cell-onset seizures. Regardless, our data primarily indicate that hippocampal
epileptogenesis occurs rapidly after prolonged convulsive SE, and is coincident with initial
cell loss or other rapid effects.

Animal models and the problematic concept of the latent period in human epilepsy

The clear causal relationship between a known injury (e.g. traumatic brain injury in a
previously normal person) in some patients, and the often delayed emergence of clinical
epileptic seizures, led to the concept of the “latent” period as the time interval during which
a slowly progressing epileptogenic process “ripens” (Earle et al., 1953). However, the notion
that the latent period is a reliable indicator of the duration of the epileptogenic mechanism in
humans is problematic, in part, because the latent period can be very short (French et al.,
1993; Wieser, 2004; Mikaeloff et al., 2006) or extremely long (French et al., 1993; Lhatoo et
al., 2001). It is difficult to conceive of a metabolic or structural process that takes 30 years to
mature, and impractical to study it. Importantly, many early insults are remembered events
that may or may not have played any causal epileptogenic role. For example, cases of
extremely long latent periods (>30 years) have been calculated as the period between
childhood febrile seizures and the subsequent appearance of afebrile epilepsy (French et al.,
1993; Lhatoo et al., 2001). If the early febrile seizures were the cause of the later epileptic
state, it might be reasonable to consider the interval between the two events to be a “latent”
period, and perhaps to conclude that a slow process lasting for years or decades had finally
matured. However, if both the childhood febrile seizures and the epilepsy were two separate
results of a pre-existing abnormality, then the interval between the two events cannot be
considered a “latent” period, because the first event did not cause the second (Griinewald,
2002). Importantly, some patients exhibit little or no latent period between a known injury
and epilepsy (Wieser, 2004), indicating that epileptogenesis can occur rapidly, particularly
after prolonged convulsive SE (Mikaeloff et al., 2006).

Although it is conceivable that latent periods of different durations could reflect different
mechanisms that progress at different rates, the stereotypical clinical similarities among
patients with acquired MTLE (French et al., 1993; Engel, 1996) suggest a common
underlying network defect, at least as a logical starting point for generating testable
hypotheses. We have previously hypothesized that the latent period is inversely proportional
to the extent of dentate hilar mossy cell loss throughout the longitudinal axis of the
hippocampal dentate gyrus (Sloviter, 1994) because mossy cells are hypothesized to
constitute an inhibitory neuron-activating system that maintains granule cell inhibition
throughout the dentate gyrus (Zappone and Sloviter, 2004). Based on our finding in this
study that extensive bilateral hilar neuron loss throughout the dorsal and ventral dentate
gyrus was associated with minimal latency to hippocampal epileptogenesis, and the recent
report that bilateral hippocampal sclerosis in patients was associated with no apparent latent
period in human patients that survived prolonged convulsive SE (Mikaeloff et al., 2006), we
hypothesize that the presence of a latent period, when one occurs, may be related to the
asymmetrical hippocampal injury exhibited by many MTLE patients with hippocampal
sclerosis (Margerison and Corsellis, 1966; Bruton, 1988; Jackson et al., 2004). That is,
disproportionate initial damage to one hippocampus may cause focal, initially subclinical
seizures that do not spread to cause clinical seizures until the undamaged or less damaged
contralateral hippocampus can be recruited by the unilateral hippocampal seizure focus. If
the undamaged or less damaged hippocampus is initially a barrier to the spread of seizure
activity, as indicated by the relative resistance of the hippocampus to kindling (Mclntyre et
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al., 1999; Mclntyre and Gilby, 2007), the latent period may simply be a time-consuming
process in which a unilateral seizure focus gradually overcomes the resistance to seizure
spread in structures that initially retain the capacity to resist the recruitment process.
Although exactly how initially subclinical network defects become clinical disorders
remains a subject of speculation, animal models that more closely resemble the limited
pathology and pathophysiology of human temporal lobe epilepsy, and that exhibit a
confirmed latent period, are needed if epileptogenic mechanisms other than initial neuron
loss are to be identified, and if neuroprotective and anti-epileptogenic treatments are to be
developed successfully.
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Figure 1.

Dentate granule cell excitability and spontaneous activity before, and 1-5 days after, 3 hr of
perforant pathway stimulation-induced convulsive status epilepticus (SE). (A1) Before SE,
paired-pulse perforant pathway stimulation at 0.1 Hz and an inter-stimulus interval of 40
msec evokes granule cell responses that exhibit partial suppression of the amplitude of the
second population spike (arrow). (A2) Three days after 3 hr of SE, the identical afferent
stimulation failed to suppress the second population spike (arrow). (B1) Granule cell layer
activity during 3 hr of perforant pathway stimulation in the same awake rat. The stimulation
paradigm involved continuous stimulation at 2 Hz with paired pulses delivered at a 40 msec
interpulse interval, plus 10 sec-long 20 Hz trains delivered once per minute. Note the
morphology of the granule cell epileptiform discharges during the 2 Hz inter-train interval
(@) in the expanded trace (Bla expanded). (C) On the first day after 3 hr of stimulation-
induced SE, a granule cell layer electrode recorded spontaneous granule cell field “EPSPs”
and population spikes that closely resemble the evoked responses in (A). (D) Granule cell
layer activity during spontaneous behavioral seizures during the first week post-SE. (D1) On
day 2 post-SE, granule cell layer activity amplitude increased before the behavioral onset of
the second behavioral seizure on that day (marked by asterisk). (D1a expanded) expanded
trace of the region above marked “a,” showing that the high-amplitude activity in (D1)
consisted of granule cell epileptiform discharges that preceded the behavioral seizure-onset
(asterisk). (D2) Three days later, the fourth spontaneous behavioral seizure exhibited nearly
identical features including high-frequency granule cell epileptiform discharges (D2a
expanded) that preceded the behavioral seizure-onset (asterisk). Calibration bars: (A) 14
msec and 9 mV; (B1) 7 sec and 9 mV; (B1 expanded) 46 msec and 9 mV; (C) 40 msec and 9
mV; (D1) 3.4 sec and 9 mV; (D1 expanded) 53 msec and 9 mV; (D2) 3.4 sec and 9 mV; (D2
expanded) 60 msec and 9 mV.
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Figure 2.

Correlation between spontaneous granule cell layer activity and behavioral seizure
expression in an epileptic rat 2—8 days after 3 hr of perforant pathway stimulation-induced
convulsive status epilepticus (SE). Two focal (subclinical) seizures (A) and (B) on days 2
and 8 post-SE, and two Stage 4 behavioral seizures (C) and (D) on days 2 and 4 post-SE.
(A) On Day 2 post-SE, spontaneous high-amplitude activity, consisting of field “EPSPs”
and small amplitude population spikes, was recorded from the granule cell layer electrode.
During this spontaneous event, the animal exhibited only a frozen stare, followed by
stereotyped chewing movements. (B) A similar spontaneous granule cell layer event was
recorded on Day 8 post-SE, which was also associated with staring and stereotyped head
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movements only. (C) and (D) on Days 2 and 4 post-SE, spontaneous granule cell layer
events included larger amplitude, downwardly deflected population spikes, and these events
were invariably followed by Stage 3—5 behavioral seizures. Note that high-frequency
spiking began prior to the first behavioral manifestation (asterisks in C and D) of each
behavioral seizure. These events from a single rat (different from the rat shown in Fig. 1) are
representative of all 72 Stage 3—5 behavioral seizures recorded in 10 chronically-implanted,
continuously monitored rats. Calibration bars: (A) 1.4 sec and 9 mV; (A expanded) 56 msec
and 9 mV; (B) 3.2 sec and 9 mV; (B expanded) 56 msec and 9 mV (C) 3.2 sec and 9 mV; (C
expanded) 56 msec and 9 mV; (D) 4.5 sec and 9 mV; (D expanded) 56 msec and 9 mV.
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Figure 3.

Granule cell layer activity and clinical seizure expression during one 6-minute period in an
awake epileptic rat 9 days after 3 hr of perforant pathway stimulation-induced convulsive
status epilepticus (SE). Top trace: 6 min of granule cell layer activity showing 3 distinct
events (arrows), the last of which culminated in a Stage 4 spontaneous epileptic seizure
(forepaw clonus and rearing) that began (asterisk) ~19 sec after the onset of high amplitude
granule cell population spikes. Prior to the first onset of high frequency granule cell layer
activity at the 3 min marker (first arrow), high amplitude, low frequency activity consisted
of positive-going waves with occasional superimposed granule cell population spikes
(arrows in expanded trace 1). During the first of 3 distinct, high-frequency granule cell layer
events, positive-going “field EPSPs” and population spikes were recorded (traces 2 and 3,
respectively). These granule cell layer discharges lacked large amplitude granule cell
population spikes that extended below baseline, and these potentials were not associated
with a behavioral seizure. A second similar event began 40 sec later, and contained mostly
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positive-going events (traces 4 and 5) that were not associated with a behavioral seizure. The
third event consisted of large amplitude, high-frequency granule cell population spikes that
extended far below baseline (traces 6—8), and these features were uniquely associated with
the onset of a spontaneous Stage 4 epileptic seizure. Note that forepaw clonus (asterisk in
top trace) began ~15 sec after the onset of high amplitude granule cell population spikes
shown in trace 6. The top trace is 6.0 min in duration, and expanded traces 1—8 are 4.4 sec
in duration. Calibration bars: top trace, 16.8 sec and 12.5 mV; traces 1—8: 205 msec and
12.5 mV.
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Figure 4.

Bilateral synchrony of spontaneous granule cell layer epileptiform discharges in three
different epileptic rats. Bilateral recording electrodes with their tips in the dentate granule
cell layers recorded highly synchronous spontaneous activity in all animals subjected to 3 hr
of perforant pathway stimulation-induced convulsive SE. (A): Prior to a Stage 3—5
behavioral seizure onset, bilateral recording electrodes recorded superficially identical
granule cell layer activity (top traces; 2.0 min in duration). Expanded views (all are 0.9 sec
in duration) of two segments of these spontaneous discharges reveal highly synchronized,
but clearly not identical, discharges. Note population spikes on the lower traces (arrows in
A1), but only field depolarizations in the simultaneously recorded top trace in (Al). During
the high frequency granule cell layer discharges (A2), spiking was highly synchronous but
not identical. (B) and (C): Similar events recorded in two other epileptic rats 4 and 6 days
post-SE, respectively. Note that these highly synchronized discharges are representative of
all 72 spontaneous seizures recorded. Calibration bars: unexpanded traces top trace, 7.3 sec
and 12.5 mV; expanded traces: 114 msec and 12.5 mV.
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Figure 5.

Acute Fluoro-Jade B (FJB) staining showing neurodegeneration 4 days after 3 hr of
perforant pathway stimulation-induced SE. (A) FJB fluorescence; (B and C) grayscale,
inverted image of the same horizontal brain section. Note selective degeneration of neurons
in the dentate hilar region (C-1), hippocampal area CA3a (C-2), entorhinal cortex layer 111
(C-3), perirhinal cortex (C-4 and 5), layer 11 throughout the neocortex (C-6), the
parafascicular thalamic nucleus (C-7), the intermediodorsal-, mediodorsal-, paratenial-,
paraventricular-, and centralmedial thalamic nuclei (C-8), lateral septum (C-9), lateral
caudate/putamen (C-10), infralimbic cortex (C-11), and deep pyramidal cells of the
agranular insular cortex (C-12). Calibration bar: 2mm in A and C; 1mm in B.
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Figure 6.

Acute neurodegeneration in hippocampus and entorhinal cortex 4 days after 3 hr of perforant
pathway stimulation-induced SE. (A) Coronal section of a sham control rat (implanted, no
SE) showing that the presence of the hippocampal recording electrode and the control
treatment (electrode implantation, stimulation for 3 hr at 0.1 Hz, halothane anesthesia, and
subanesthetic urethane treatment) produced no detectable hippocampal Fluoro-Jade B (FJB)
staining (grayscale, inverted image as shown in preceding figure). (B) Coronal section of a
stimulated rat (same rat as in the preceding figure) showing acute injury in the dorsal
hippocampus 4 days after 3 hr of perforant pathway stimulation-induced SE. Note FJB-
positive cells in the hilus, area CA3a and CA3c, and area CA1. (C) Horizontal brain section
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from the same rat stained with FJB, showing selective degeneration of neurons in the
entorhinal cortex (wide arrow), the dentate hilus (h), and the dentate granule cell layer (gc).
Note also the degenerating terminals in the inner dentate molecular layer (thin arrows) that
originate from the degenerating hilar mossy cells. (D) Horizontal section from a sham
control animal after immunostaining for the neuronal marker NeuN. (E) A horizontal section
adjacent to the section shown in (C) after NeuN immunostaining showing the loss of NeuN
immunoreactivity of neurons in the hilus (h) and entorhinal cortex. Calibration bar: Imm in
A and B; 400 um in C-E.
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Figure 7.

Neuronal injury and loss in the dentate hilus and entorhinal cortex after 3 hr of perforant
pathway stimulation-induced convulsive SE. Nissl-stained sections adjacent to those shown
in the previous figure, in which NeuN immunostaining illustrated the apparent loss of hilar
neurons. (A) Nissl-stained horizontal section from a sham control animal. (B) 4 days post-
SE. Note the extensive loss of large Nissl-stained hilar neurons (h) and neurons in the
entorhinal cortex (arrow). (C) and (D) Nissl-stained coronal sections from a sham control
animal (C) and a stimulated animal 42 days post-SE (D). Note the extensive loss of hilar
neurons (h). Calibration bar: 400um in A and B; 285 um in C and D.
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Figure 8.

Neuron loss 42 days after 3 hr of perforant pathway stimulation-induced SE. (A) Dorsal
hippocampal dentate gyrus in a sham control section; NeuN immunostaining. (B) Dentate
gyrus in a coronal section 42 days after 3 hr of perforant pathway stimulation-induced SE.
Note extensive loss of NeuN-positive hilar neurons, but minimal apparent loss of CA3c
pyramidal cells. (C) and (E) Low and higher magnification views of a horizontal section
from the control brain. (D) and (F) Low and higher magnification views of a horizontal
section 42 days post-SE, showing hilar neuron loss in the ventral dentate gyrus (open
arrows) and the loss of entorhinal cortex neurons (thin arrows). Also note in (D) relatively
subtle CA3 pyramidal neuron loss (wide arrow). Calibration bar: 400 um in A and B; 2mm
inCand D; ImminEand F.
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