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Neurobiology of Disease

Early Activation of Ventral Hippocampus and Subiculum
during Spontaneous Seizures in a Rat Model of Temporal
Lobe Epilepsy

Izumi Toyoda,' Mark R. Bower,' Fernando Leyva,' and Paul S. Buckmaster!-2
'Department of Comparative Medicine and 2Department of Neurology and Neurological Sciences, Stanford University, Stanford, California 94305

Temporallobe epilepsy is the most common form of epilepsy in adults. The pilocarpine-treated rat model is used frequently to investigate
temporal lobe epilepsy. The validity of the pilocarpine model has been challenged based largely on concerns that seizures might initiate
in different brain regions in rats than in patients. The present study used 32 recording electrodes per rat to evaluate spontaneous seizures
in various brain regions including the septum, dorsomedial thalamus, amygdala, olfactory cortex, dorsal and ventral hippocampus,
substantia nigra, entorhinal cortex, and ventral subiculum. Compared with published results from patients, seizures in rats tended to be
shorter, spread faster and more extensively, generate behavioral manifestations more quickly, and produce generalized convulsions
more frequently. Similarities to patients included electrographic waveform patterns at seizure onset, variability in sites of earliest seizure
activity within individuals, and variability in patterns of seizure spread. Like patients, the earliest seizure activity in rats was recorded
most frequently within the hippocampal formation. The ventral hippocampus and ventral subiculum displayed the earliest seizure
activity. Amygdala, olfactory cortex, and septum occasionally displayed early seizure latencies, but not above chance levels. Substantia
nigra and dorsomedial thalamus demonstrated consistently late seizure onsets, suggesting their unlikely involvement in seizure initia-
tion. The results of the present study reveal similarities in onset sites of spontaneous seizures in patients with temporal lobe epilepsy and

pilocarpine-treated rats that support the model’s validity.

Introduction

In the United States, 1/26 people will develop epilepsy at some
point in their lifetime (Institute of Medicine, 2012). The most
common type of epilepsy in adults is temporal lobe epilepsy,
which can be difficult to treat effectively (Engel et al., 1997).
Laboratory animal models have been used in attempts to reveal
underlying mechanisms and facilitate the discovery of more ef-
fective treatments. A variety of models exists, but the most com-
monly used are rodents in which status epilepticus is induced by
systemic treatment with kainic acid or pilocarpine (Buckmaster,
2004). In these models, after recovering from status epilepticus,
spontaneous seizures develop that continue for the rest of the
animal’s life. Epileptic rodents display patterns of neuronal loss
and synaptic reorganization in the hippocampus similar to that of
patients with temporal lobe epilepsy. However, consensus is lack-
ing on the reliability and validity of laboratory animal models of
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temporal lobe epilepsy (Lowenstein, 2011). Some have argued
that spontaneous seizures in epileptic pilocarpine-treated rats
initiate in brain regions different from those in patients (Mello et
al., 1996; Harvey and Sloviter, 2005; Sloviter et al., 2007). In
patients with temporal lobe epilepsy, spontaneous seizures are
usually first recorded in the hippocampal formation, but some-
times in other structures, including the amygdala and temporal
lobe neocortex (Quesney, 1986; Spencer et al., 1987, 1990; Sper-
ling and O’Connor, 1989, ’; Duckrow and Spencer, 1992; Spencer
and Spencer, 1994; Spanedda et al., 1997; Wennberg et al., 2002).
Previous studies with rodent models identified the ventral hip-
pocampus, olfactory cortex, and amygdala (Bertram, 1997), the
midline dorsal thalamus (Bertram et al., 2001), and specific parts
of the hippocampal formation (Lévesque et al., 2012) as likely
sites of seizure initiation. However, many other potential sites of
seizure initiation have not yet been tested.

The present study used 32 recording electrodes per animal to
investigate whether sites of seizure initiation in pilocarpine-
treated epileptic rats are similar or different from those reported
for patients. Brain regions were chosen for recording based in
part on whether they display neuropathological changes. The
hippocampal formation is damaged most consistently in tempo-
ral lobe epilepsy patients, with less frequent involvement of other
structures such as the thalamus and amygdala (Sano and Mala-
mud, 1953; Cavanagh and Meyer, 1956; Scholz, 1959; Falconer et
al., 1964; Margerison and Corsellis, 1966; Du et al., 1993). In
epileptic pilocarpine-treated rats, neuropathological changes are
evident in brain regions similar to those reported for patients and
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in additional areas including olfactory cortex, substantia nigra,
and septum (Turski et al., 1986). The present study investigated
which of these structures generated the earliest electrographic
seizure activity during spontaneous seizures in rats. The hypoth-
esis was that sites of earliest seizure activity in the animal model
would be similar to what has been reported for patients with
temporal lobe epilepsy.

Materials and Methods

Animals. All experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by a Stanford University institutional animal care and use
committee. Male Sprague Dawley rats (Harlan Laboratories) 32-35 d of age
were treated with pilocarpine (380 mg/kg, i.p.) 20 min after atropine methyl
bromide (5 mg/kg, i.p.). Diazepam (10 mg/kg, i.p.) was administered 2 h
after onset of status epilepticus and repeated as needed. Diazepam treatment
alone reduces mortality but does not immediately terminate status epilepti-
cus (Martin and Kapur, 2008). Rats also received lactated Ringer’s (10 ml,
s.c.). Beginning 7-10 d after pilocarpine treatment, rats were videomoni-
tored to confirm the development of spontaneous, recurrent seizures before
implanting recording electrodes.

Brain regions targeted for recording were the septum (medial and
lateral parts and the diagonal band of Broca), dorsomedial thalamus
(mediodorsal thalamic nucleus and other nuclei of the midline thalamus:
parventricular, parataenial, and nucleus reunions), amygdala (including
the cortex-amygdala transition zone and amygdaloid-hippocampus), ol-
factory cortex (including the endopiriform nucleus, postpiriform transi-
tion area, and olfactory tubercle), dorsal and ventral hippocampus
(induseum griseum, dentate gyrus, and CA1-3), substantia nigra (pars
reticulata and compacta), and entorhinal cortex (medial and lateral
parts). Nontargeted structures were sometimes recorded, because a tar-
geted region was missed or because a bipolar recording electrode had one
tip in the targeted region and the other tip in a different region above or
below. Nontargeted regions included the cerebral peduncle, neocortex
(cingulate and insular cortex), corpus striatum (caudate/putamen and
nucleus accumbens), ventral subiculum (pre-, post-, and parasubicu-
lum), and other parts of dorsal thalamus not contained within the dor-
somedial group described above and other diencephalic regions (zona
incerta, reticular nucleus, subthalamic nucleus, and hypothalamus).

To implant electrodes, rats were sedated with diazepam (10 mg/kg, i.p.),
anesthetized with isoflurane (1.5%), placed in a stereotaxic frame, main-
tained on a heating pad with feedback control, given antibiotic (enrofloxa-
cin, 10 mg/kg, s.c.), and prepared for aseptic surgery. Bipolar electrodes
consisted of 25 wm diameter H-formvar-coated stainless steel wires (Cali-
fornia Wire Company) glued together so tips were 1 mm apart. In each rat,
16 bipolar electrodes were directed toward the following brain regions bilat-
erally (anterior—posterior and medial-lateral stereotactic coordinates in mm
are referenced to bregma and to the brain surface for depth): septum (0.7,
0.3, 5.9), dorsomedial thalamus (—3.0, 0.8, 6.0), amygdala (—2.8, 4.4, 7.9),
olfactory cortex (—2.8, 5.8, 7.4), dorsal hippocampus (—4.6, 2.6, 3.1), sub-
stantia nigra pars reticulata (—5.3, 2.4, 7.6), ventral hippocampus (—5.5,4.8,
7.1), and medial entorhinal cortex (—7.9, 5.0, 5.3). A reference electrode was
placed in the cerebellum. The ground consisted of screws in the skull rostral
to bregma and caudal to lambda. Electrodes were connected to an interface
board in a protective covering (NLX 9 drive; Neuralynx), which was affixed
to the skull with cranioplastic cement and jeweler’s screws. After surgery, rats
received lactated Ringer’s solution (10 ml, s.c.) and analgesic (buprenor-
phine, 0.05 mg/kg, s.c.).

Recording. Local field potential and time-locked video recording of spon-
taneous seizures began 7 d after surgery, which was an average of 188 d
(range, 71-286 d) after pilocarpine treatment. Recordings were obtained
during the day. Signals were buffered with a head stage (HS-36; Neuralynx),
amplified, digitized, filtered (0.1-1800 Hz), sampled (2000 Hz; Cheetah
Data Acquisition; Neuralynx), and saved for offline analysis. Recordings
were obtained ~8.5 h/d and 6 d/week and continued for an average of 9 d
(range, 5-28 d). Average total time recorded per rat was 76 h (range, 43-252 h).

Histology. After recording a sufficient number of spontaneous sei-
zures, rats were killed with urethane (2 g/kg, i.p.) and perfused at 30
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ml/min through the ascending aorta for 2 min with 0.9% NaCl and 30
min with 4% formaldehyde in 0.1 M PB, pH 7.4. Brains were removed and
stored in fixative at 4°C at least overnight and were equilibrated in 30%
sucrose in 0.1 M PB. Brains were sectioned coronally using a sliding
microtome set at 40-55 wm. Continuous series of sections were stained
with 0.25% thionin. Electrode tracks were evaluated to identify recording
sites. If a track of a given electrode could not be reliably traced to specify
the location of its tip, data acquired from that electrode were omitted
from analysis.

Seizure onset identification. To identify seizure onsets, a rat’s daily re-
cording file first was evaluated by examining local field potential record-
ings from 5 to 6 randomly chosen brain regions to identify seizures. As in
previous studies (Bragin et al., 2005), only seizures that lasted >10 s were
analyzed. Therefore, findings of the present study might not pertain to
shorter seizures. For each seizure identified, corresponding video was
reviewed to measure behavioral severity based on Racine’s scale (Racine,
1972). Stages 0—2 were classified as nonconvulsive; stages 3—5 were clas-
sified as convulsive. Next, from each of the 10 animals, 10 seizures were
chosen randomly for detailed evaluation of behavioral and electro-
graphic seizure onset times. When possible, five convulsive and five non-
convulsive seizures were sampled for each rat. An algorithm in MATLAB
(MathWorks) was used to isolate epochs spanning from 10 min before to
3 min after the approximate seizure onset time for each electrode’s signal.
The algorithm also randomly assigned a number to each electrode’s sig-
nal so that the examiner was blind to brain regions during analysis.

For each electrode, electrographic seizure onset time was identified as
described previously (Bower and Buckmaster, 2008). One electrode at a
time, a seizure onset window was bracketed by manually identifying the
latest time of normal activity and the earliest time of clear seizure activity
(Fig. 2A). Within the bracketed period, seizure onset was estimated using
four methods. The first was a subjective by-eye approach to determine
the earliest appearance of a persistent change that developed into clear
seizure activity. Next, three objective measures of seizure onset were
computed. One used low-pass filtering (cutoff, 1 Hz) to identify a slow
wave (Bragin et al., 2005), which was the peak of the largest voltage
change within the seizure onset window. The other two seizure onset
markers were based on spectrograms, which were computed using dis-
crete prolate spheroids (pmtm function in MATLAB). Two frequency
windows were examined. The peak of the summed spectral power for low
frequencies (20-200 Hz) looked for changes primarily in the gamma
frequency band. The peak of the summed spectral power for high fre-
quencies (200—600 Hz) looked for changes in frequency ranges previ-
ously associated with seizure onset (Bragin et al., 2005). Analysis did not
include specific identification of high-frequency oscillations. For both
frequency bands, summed spectral power was smoothed with a low-pass
filter (cutoff, 1 Hz). Although all four onset measures were detected for
each seizure, only the earliest was used as the final estimate of electro-
graphic seizure onset for that electrode.

Statistical analysis. SigmaStat software (Systat Software) was used for
statistical analyses, and p < 0.05 was considered significant. Error bars in
the figures represent SEM.

Results

Brain regions recorded

Rats had 27.8 = 1.2 (mean = SEM; range, 23-31) useful record-
ing electrodes with tracks in Nissl stained sections that could be
followed to identify recorded brain regions (Fig. 1). In each of the
10 epileptic rats, five to eight of the eight targeted brain regions
(septum, dorsomedial thalamus, amygdala, olfactory cortex, dor-
sal hippocampus, substantia nigra, ventral hippocampus, and en-
torhinal cortex) contained at least one recording electrode tip
(Table 1). Of the 278 total useful electrodes in 10 rats, 68% were
in targeted regions. The remaining electrodes were in nontar-
geted brain regions (subiculum, nondorsomedial thalamus, cere-
bral peduncle, neocortex, and corpus striatum), which were
included in seizure onset analysis.
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Figure1. Recordingelectrode tracksin regions that displayed earliest seizure activity. 4, Site
of the short electrode (arrow), located 1 mm up from the tip of the long electrode of the pair, was
in the right subiculum of rat no. 3, in which seizure activity was recorded earliest during 4/10
seizures. B, The site of the short electrode (arrow) was in the right amygdala of rat no. 5, in
which seizure activity was recorded earliest in 2/10 seizures, and 2 more seizures were recorded
firstin the same amygdala at other recording sites.

Seizure characteristics

Spontaneous seizures were recorded simultaneously by elec-
trodes in multiple brain regions (Fig. 2A). For each seizure, each
electrode was analyzed individually. Seizure onset windows,
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bracketed by the latest normal electrographic activity and the
earliest clear seizure activity, lasted 11.3 = 0.1 s (mean * SEM;
median, 10.2 s; range, 2.1-64.5 s). Within windows, seizure on-
sets were defined as the earliest of four markers. The earliest
marker was determined by eye in 72.8% of the cases. Although the
exact electrographic appearance of the seizure onset varied depend-
ing on structure and location within a structure, seizures typically
began with a period of low-amplitude, high-frequency oscillations,
which developed into high-amplitude, low-frequency oscillations
(Figs. 2A, B, 3). Occasionally, short bursts of high-amplitude spikes
were observed in the initial period. These seizure onset patterns are
similar to what has been reported for patients with temporal lobe
epilepsy (Engel, 1990; Spencer et al., 1990, 1992; Brekelmans et al.,
1995; Velasco et al., 2000; Weinand et al., 2007; Gotz-Trabert et al.,
2008; Ogren et al., 2009) and in rodent models (Bragin et al., 1999,
2005), including pilocarpine-treated rats (Lévesque et al., 2012).

The slow wave was the earliest marker in 18.3% of seizures.
Peaks in spectral power in the 20—-200 and 200— 600 Hz frequency
bands were earliest in 4.9% and 4.1% of seizures, respectively.
The maximum time between the earliest and latest seizure onset
marker was 4.2 = 0.1 s (median, 3.0 s; range, 0.1-35.7 s). These
findings reveal that by-eye identification of seizure onset was
usually earliest, with other seizure onset markers following
within <3—4 s in most cases.

Seizure offsets were identified by abrupt termination in activ-
ity (Figs. 2A, 3), which also occurs in patients (Kramer et al.,
2012). Seizure duration was calculated by the difference in seizure
onset and offset for each channel. Durations of all recording
channels were then averaged to yield a single duration for each
seizure. Across all 10 rats, seizure duration was 63.9 = 4.0 s
(range, 20.0-233.5 s; Fig. 2C). Across all individual recording
electrodes in all 10 rats, seizure duration ranged from 0 in those
cases when seizure activity did not spread to an electrode (n = 8)
to 230.3 s. Therefore, seizure duration was variable, but always
<4 min and on average ~1 min long. These findings are similar
to those reported previously for epileptic pilocarpine-treated rats
(Lévesque etal., 2012) and they suggest that seizures in the animal
model are only approximately half as long as those of patients
with temporal lobe epilepsy (Brekelmans et al., 1995; Spencer et
al., 1999; Afra et al., 2008; Zangaladze et al., 2008).

During the entire recording period a total of 616 seizures (62.9
seizures/rat; range, 15-98) were recorded that could be evaluated
for behavior. These seizures include the 10 per rat that were used
for detailed analysis plus other recorded seizures. Seizures were
convulsive (Racine scale =3) 47-100% of the time depending on
the rat (mean, 76%). Similarly, kainate-treated epileptic rats have
a substantial proportion of convulsive seizures (Williams et al.,
2009). A subset of 100 seizures (10 in each of 10 rats) was analyzed
in detail. In 2/10 rats, only convulsive seizures were observed. In
patients, electrographic seizures in mesial temporal regions fre-
quently do not cause generalized convulsions or even milder
behavioral alterations (Quesney, 1986; French et al., 1993; Wen-
nberg et al., 2002; Zangaladze et al., 2008). Epileptic pilocarpine-
treated rats therefore appear to have a higher proportion of
generalized convulsions than do patients with temporal lobe ep-
ilepsy. In rats, seizure duration was similar for convulsive
(64.7 = 4.9 s; range, 21.8-233.5 s; n = 10 rats, 66 seizures) and
nonconvulsive seizures (62.2 * 6.9 s; range, 20.0-175.2 s;n = 8
rats, 34 seizures).

Behavioral seizure onsets were identified by the earliest repet-
itive movements, which frequently involved twitching of whis-
kers, eyelids, and ears. Behavioral seizure onset was measured
with respect to electrographic seizure onset. In 63/66 convulsive
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Table 1. Number of recording electrodes in targeted and nontargeted brain regions of the left and right brain in individually identified rats

Rat no.

1 2 3 4

Left
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Dorsal hippocampus

Olfactory cortex

Entorhinal cortex

Ventral hippocampus

Dorsomedial thalamus

Substantia nigra
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Right

Amygdala 3

Septum

Dorsal hippocampus 1

Olfactory cortex 2
1
1

NN -

[ SN N NS RN N VY]

NN =
—_

_ s e~
NN = NN
N

Entorhinal cortex
Ventral hippocampus
Dorsomedial thalamus
Substantia nigra 1 1
Subiculum 1 1
Nondorsomedial thalamus 3 3
Cerebral peduncle

Neocortex 2

NN = =

N
—_
—_
—_ —m NN NN W

NN —
_—_ W =
[UF NN
—_
[ NS NSRS N

—_
—_

—_ W NN W
N~

—_ NN

—_ NN W

_—_ .
[N NS I NN
SN
—_ N W,
w
N

seizures (Racine scale =3), video recordings were available for
analysis and behavioral seizure onsets were identified. In all 34
nonconvulsive seizures, video recordings were available and mild
behavioral components (Racine scale 1-2) could be used to mea-
sure onset latency in 31. Across all 10 rats, the latency from elec-
trographic to behavioral seizure onset was 5.0 = 1.0 s (range,
0.3-10.5 s; Fig. 2D). Electrographic seizure onset was the earliest
onset of all electrodes in the animal. In patients with temporal
lobe epilepsy, the average time from electrographic seizure onset
to clinical seizure onset is approximately three times longer
(Quesney, 1986; Weinand et al., 2007; Gotz-Trabert et al., 2008).
Across all 94 seizures that had a behavioral component that could
be analyzed, latency to behavioral onset ranged from —13.1 to
31.4 s. Negative values indicate that seizure behavior preceded the
electrographic onset, which also has been observed in patients
with depth electrodes (Weinand et al., 2007). In epileptic
pilocarpine-treated rats, 3/94 seizures had behavioral onsets that
preceded the electrographic onset (—0.8 s, —2.2's, and —13.1s).
Initial movements at the onset of behavioral seizures were easy to
miss when rats were not facing the camera. Therefore, to get a
potentially more accurate measurement, average behavioral sei-
zure onset latency was recalculated using only those cases in
which rats were facing the camera at the beginning of the seizure.
None of the resulting behavioral seizure onset latencies preceded
electrographic onsets and the mean latency was longer (6.8 *
1.2 s; range, 3.4-9.4 s; n = 5 rats, 30 seizures) compared with the
complete dataset, but the difference was not statistically signifi-
cant. Using only those seizures in which rats faced the camera, the
behavioral onset latency of nonconvulsive seizures (11.4 = 1.4's;
range, 8.7-14.0 s; n = 4 rats, 11 seizures) was longer than that of
convulsive seizures (3.8 = 1.0 s; range, 1.1-5.7 s, n = 4 rats, 19
seizures; p = 0.005, ¢ test). In summary, these findings indicate
that in at least 97% of cases, the beginning of electrographic sei-

zure activity was recorded before behavioral manifestations in
epileptic pilocarpine-treated rats.

Electrographic seizure spread

In 95/100 seizures in 10 rats, seizure activity spread to all recorded
brain regions (Fig. 2A), whereas in 5/100 seizures in 3 rats, elec-
trographic seizure activity failed to spread to every recorded
structure. For example, the septum was not involved in a seizure
in rat no. 3 (Fig. 3). However, on the same day in the same rat,
another seizure included the septum. Structures that failed to
show electrographic seizure activity included the septum (1X),
substantia nigra pars compacta (1X), dorsal hippocampus (1X),
cerebral peduncle (1X), dorsomedial thalamus (2X), and non-
dorsomedial thalamic regions (2X). These findings reveal that in
rats seizure activity usually spreads to all recorded structures. In
contrast, the spread of seizure activity tends to be confined to a
more limited subset of brain regions in patients with temporal
lobe epilepsy (Lieb et al., 1976; Spencer et al., 1987, 1990; Sperling
and O’Connor, 1990; Wennberg et al., 2002).

To measure the pattern and timing of seizure initiation and
spread, electrographic seizure onsets were identified for each re-
cording electrode. The temporal resolution of the recording
method (0.1-1800 Hz filtering, 2000 Hz sampling) was adequate
to identify differences in timing of seizure onsets in different
brain regions (Fig. 2B). Earliest seizure activity was recorded at
least once in 6/8 targeted and in in 1/5 nontargeted brain regions
(subiculum; Fig. 4A). Earliest seizure activity was recorded most
often in the subiculum; frequently in other parts of the hip-
pocampal formation (ventral hippocampus, dorsal hippocam-
pus, and entorhinal cortex); occasionally in the amygdala and
olfactory cortex; rarely in the septum; and never in the dorsome-
dial thalamus, substantia nigra, cerebral peduncle, corpus stria-
tum, neocortex, or nondorsomedial thalamus. However, there
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was variability in electrode sampling of brain regions (Table 1).
Some of the 10 rats did not have electrodes in all regions, resulting
in <100 seizures available for analysis in those regions (Fig. 4B).
In addition, the total number of electrodes varied by brain region
(Fig. 4C). Therefore, to account for differences in electrode sam-
pling of brain regions, the expected probability of recording ear-
liest seizure activity (assuming seizure onset sites were random)
was calculated (Fig. 4D). For example, 60 seizures were recorded
with at least one electrode in the ventral hippocampus. A total of
16 recording electrodes were implanted in the ventral hippocam-
pus of all rats combined. Therefore, the ventral hippocampus had
60 X 16 = 960 possibilities for recording seizure onsets. Repeat-
ing this process for all brain regions yielded a total of 24,450
recording possibilities. If sites of seizure onset were random, one
would expect the ventral hippocampus to record earliest seizure
activity with a probability of 960/24,450 = 0.039. Dividing ob-

served earliest seizure onset probabilities by expected revealed
that the ventral hippocampus recorded earliest seizure activity
more than four times more often than predicted by chance (Fig.
4E). The subiculum and dorsal hippocampus also displayed more
of the earliest seizure recordings than expected; the septum and
nondorsomedial thalamus displayed fewer than expected; other
regions were not significantly different from chance (¢ test).
These findings indicate that earliest seizure activity was most
likely to be recorded in the hippocampus and subiculum.

To determine whether seizures initiated consistently at spe-
cific sites and to examine patterns of seizure spread, the order of
seizure onset was plotted by individual recording sites (Figs. 5, 6).
In 7/10 rats, seizures were equally likely to be recorded first in
either hemisphere. However, in 3/10 rats (rat nos. 3, 4, and 10)
seizures were more likely to be recorded earliest in one hemi-
sphere (p < 0.05, ¢ test). There was no single recording site that
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Seizure onset and offset for the subiculum are indicated by arrows. B, Seizure recorded from the same rat on the same day that did not spread to medial septum.

always initiated a seizure within a rat. However, some recording
sites showed earliest seizure onsets repeatedly. For example, in rat
no. 4, the earliest seizure onset was recorded in 4/10 seizures by an
electrode in the right ventral hippocampus and in 2/10 seizures
by a different electrode in the same right, ventral hippocampal
region (Fig. 5). Like these 2 electrodes in rat no. 4 that recorded
the earliest seizure activity during multiple seizures, for the entire
group of rats, 58/100 seizures were recorded by electrodes that
detected earliest seizure activity multiple times; conversely,
individual electrodes recorded the earliest seizure activity only
once in 42/100 seizures. These findings indicate variability in
sites of earliest recorded seizure activity in individual rats.
Similarly, in individual patients with temporal lobe epilepsy,
sites of earliest recorded seizure activity vary (Lieb et al., 1976;
Spencer et al., 1990; Spencer and Spencer, 1994; Spencer,
1998,2002). However, some evidence suggests that, compared
with rats, a larger percentage of each patient’s seizures has a
uniform seizure onset location (Spencer et al., 1987, 1999;
Gotz-Trabert et al., 2008).

Once initiated, seizures tended to spread first within the same
brain region and among closely connected ipsilateral and con-
tralateral structures. For example, in many rats, most seizures
were recorded earliest in part of the hippocampal formation and
other parts of the hippocampal formation tended to display sei-
zure activity next, evident as warm colored lines in Figure 5 and
Figure 6. In contrast, more delayed spread of seizure activity is
indicated by cold colored lines among dorsomedial and nondor-
somedial thalamus, substantia nigra, septum, corpus striatum,
and neocortical regions. However, there was no completely con-
sistent pattern of spread of electrographic seizure activity among
structures within or across rats. If seizure spread had been fixed
and consistent within an individual, plots that included all 10
seizures/rat (Figs. 5A2, 6) would have shown a set of lines that
exactly overlapped 10 times, once for each seizure. Instead, all

plots consisted of many lines, indicating variable patterns of
spread from seizure to seizure. For example, in rat no. 4, seizure
activity was recorded earliest in the same site within the right
ventral hippocampus during 4 different seizures, but regions that
showed the second earliest seizure onset varied in all 4 seizures:
left ventral hippocampus, left subiculum, right ventral hip-
pocampus, and right dorsal hippocampus (Fig. 5, left). Similarly,
individual patients with temporal lobe epilepsy have seizures
with variable patterns of spread (Lieb et al., 1976; Spencer et al.,
1987; but see Brekelmans et al., 1995; Wennberg et al., 2002;
Gotz-Trabert et al., 2008).

To quantify initiation and spread of seizure activity, latencies
of earliest seizure onset were plotted for every recorded region
(Fig. 7). Data plotted are the earliest recorded seizure activity for
each region. In other words, if a region (including both sides of
the brain) were recorded by multiple electrodes, only the earliest
seizure activity of all electrodes in that region was used for this
analysis. If a single region showed the earliest recorded seizure
activity every time, mean onset latency for the region would be
0. At the other extreme, if all regions randomly displayed ear-
liest recorded seizure activity, average onset latency would be
>0 and similar for all regions. Neither extreme was the case.
Instead, regions showed a range of onset latencies. The regions
with the earliest average seizure latencies were the subiculum
(3/10 rats), ventral hippocampus (3/10 rats), dorsal hip-
pocampus (1/10 rats), entorhinal cortex (1/10 rats), amygdala
(1/10 rats), and olfactory cortex (1/10 rats). Therefore, regions
within the hippocampal formation displayed earliest average
seizure onset latencies in 8/10 rats. In the two rats in which
earliest average seizure onset latency was in the amygdala or
olfactory cortex, regions of the hippocampal formation had
the next earliest latencies. When data from all 10 rats were
ranked and averaged, the subiculum had the earliest seizure
onsets, followed by other regions of the hippocampal forma-
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others. A, Number of seizure onsets recorded earliest in each recorded brain region. B, Number
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tion (ventral hippocampus, entorhinal cortex, and dorsal hip-
pocampus), and then amygdala and olfactory cortex before
the remaining regions (Fig. 84).

Results of seizure onset latency measurements were evaluated
statistically (Table 2). Regions within the hippocampal formation
most frequently had significantly shorter seizure onset latencies than
at least one other region. In some rats, the amygdala, olfactory cor-
tex, nondorsomedial thalamus, and septum had seizure onset laten-
cies that were significantly shorter than at least one other region, but
in other rats, the same regions had significantly longer latencies. The
substantia nigra, corpus striatum, cerebral peduncle, and dorsome-
dial thalamus were almost always significantly late.

To determine whether seizure onset latency values were de-
pendent on by-eye identification, results were reanalyzed after
omitting the by-eye onset data so that earliest seizure onset was
determined only by objective measures (slow wave or peaks of
summed spectral power in the 20-200 or 200—600 Hz bands).
Results were similar to those that included by-eye onset mea-
surements. The ventral hippocampus had the earliest seizure
onset ranking, followed by other parts of the hippocampal
formation and then amygdala and olfactory cortex before
other regions (Fig. 8B).

The analysis described above used the earliest recorded seizure
activity of all electrodes within each region. However, the number
of recording electrodes varied from region to region (Table 1),
resulting in sampling bias. If sites of seizure onset were random,
the region with the most electrodes would have the highest prob-
ability of showing the earliest seizure activity. To control for this
confounding variable, the average (instead of the earliest) seizure
onset latency was calculated for each region (Fig. 8C). Again,
regions of the hippocampal formation ranked first, then
amygdala and olfactory cortex, followed by the rest. Mean seizure
onset latencies were consistently longer in the substantia nigra,
dorsomedial thalamus, and nontargeted regions except subicu-
lum. These findings reveal that early seizure activity is most fre-
quently recorded in the hippocampal formation, more rarely in
the amygdala or olfactory cortex, and not in the substantia nigra
and dorsomedial thalamus.

The time required for a seizure to spread from the first to the
last recorded structure varied from seizure to seizure within and
across rats. For example, in rat no. 8, differences in onset latencies
from the first to the last structure were <5 s in 8 seizures, but 2—5
times longer in 2 other seizures (Fig. 7H). Other rats showed
similar patterns. When the spread of a seizure was substantially
delayed, the latency from one region to the next tended to be non-
linear. Usually, seizure activity took longer to spread from the first
region, then spread quickly among later structures (Fig. 7D—F, H,I ).
In other cases, seizures appeared to spread quickly among 2—4 struc-
tures initially, then stalled before spreading rapidly among remain-
ing structures (Fig. 7E-H, J). Overall, the average onset latency from
the earliest to the latest recorded structure was 6.5 * 0.7 s (median,
4.3 s; range, 0.4-33.0 s). Seizures in patients with temporal lobe
epilepsy are reported to take more than twice as long to spread even
less extensively (Quesney, 1986; Spencer et al., 1987, 1999; Brekel-
mans et al., 1995; Gotz-Trabert et al., 2008). The time for seizure
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had <100 seizures recorded. C, Total number of recording electrodes for all 10 rats in each brain
region. D, Expected probability of recording earliest seizure activity based on extent of sampling
of each brain region if onset sites were random. E, Ratio of observed probability to expected
probability of earliest seizure activity. Values above (below) dashed line indicate more (fewer)
earliest seizure onsets than expected by chance. *p << 0.05, **p << 0.01, t test.



Toyoda et al.  Seizure Onset Sites in Pilocarpine-Treated Rats J. Neurosci., July 3,2013 - 33(27):11100-11115 = 11107

Figure 5.  Sites of seizure initiation and patterns of spread among recorded structures. A7, Results of 10 seizures from rat no. 4. Sites that showed earliest recorded seizure activity are indicated
(pink circles). In four seizures (left column) the same electrode within the right ventral hippocampus (VH) recorded the earliest evidence of seizure activity. Another electrode within the right ventral
hippocampus recorded the earliest evidence of seizure activity twice (middle column). Line color indicates sequence of spread. A2, All 10 seizures of rat no. 4. Number (Figure legend continues.)
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Sites of seizure initiation and patterns of spread among recorded structures. Plots of earliest seizure recording and patterns of spread for the other nine rats (10 seizures/rat). The right

hemisphere was more likely than the left to show earliest seizure activity in rat nos. 6 and 10 (p << 0.05, t test). A indicates amygdala; AC, anterior cingulate cortex; ACC, nucleus accumbens; AH,
amygdalo-hippocampus; Al, agranular insular cortex; CP, cerebral peduncle; (/P, caudate/putamen; DH, dorsal hippocampus; DM, dorsomedial thalamus; EC, entorhinal cortex; EP, endopiriform
nucleus; E/S, entorhinal-subiculum transition area; HT, hypothalamus; IC, insular cortex; |G, indusium griseum; LE, lateral entorhinal cortex; LS, lateral septum; ME, medial entorhinal cortex; MS,
medial septum; 0, olfactory cortex; 0/A, olfactory cortex-amygdala transition area; PPT, postpiriform transition area; PS, parasubiculum; S, septum; SB, subiculum; SN¢, substantia nigra pars
compacta; SNr, substantia nigra pars reticulata; T, nondorsomedial thalamus; VDB, ventral diagonal band; VH, ventral hippocampus; ZI, zona incerta.
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(Figure legend continued.)  of earliest recorded seizure onsets indicated by darkness of circle.
Warm- and cold-colored lines tend to be located separately, indicating nonrandom patterns in seizure
spread. The right hemisphere was more likely than the left to show earliest seizure activity (p < 0.05,
ttest). A indicates amygdala; DH, dorsal hippocampus; EP, endopiriform nucleus; LHT, lateral hypo-
thalamus; LS, lateral septum; MS, medial septum; O, olfactory cortex; SB, Subiculum; SN, substantia
nigra pars reticulata; T, nondorsomedial thalamus; ZI, zona incerta.

activity to spread from one hemisphere to the other in rats was 2.1 =
0.4 s (median, 0.9 s; range, 0.002—15.5 s). Interhemispheric propa-
gation times for patients with temporal lobe epilepsy tend to be >10
times longer (Lieb etal., 1976; Spencer et al., 1990, 1992; Spanedda et
al,, 1997). These findings reveal that, compared with patients, sei-
zures spread more rapidly in epileptic pilocarpine-treated rats.
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Figure 7.  Seizure onset latencies by brain regions of individual rats. A-J, Earliest onset latencies for each seizure (line-scatter plots) and averages of 10 seizures (bars) for rat nos. 1-10. Note
differences in y-axis scales. A indicates amygdala; CP, cerebral peduncle; CS, corpus striatum; DH, dorsal hippocampus; DM, dorsomedial thalamus; EC, entorhinal cortex; N, neocortex; 0, olfactory
cortex; S, septum; SB, subiculum; SN, substantia nigra; T, nondorsomedial thalamus; VH, ventral hippocampus.

Seizure onset sites Seizures were detected as the earliest of four methods (by-eye,
Sites of earliest recorded seizure activity might be where sei-  slow-wave, and peak spectral power at 20-200 or 200—600 Hz).
zures initiate. Results were evaluated to determine whether  For each region, the percentage of earliest seizure onsets detected
seizure characteristics vary with respect to where they might by each method was plotted (Fig. 9A). Earliest seizure activity was
initiate. detected by multiple markers in all seizure onset regions except
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the septum, in which only two seizure on-
sets were recorded. Earliest seizure activ-
ity was most frequently detected by eye in
the hippocampal formation (dorsal and
ventral hippocampus, entorhinal cortex,
and subiculum) and by the slow wave in
other regions (amygdala, olfactory cortex,
and septum). There were no significant
differences in seizure duration or latency
of seizure spread (see below) with respect
to seizure onset markers (ANOVA on
ranks with Dunn’s method).

Seizure onset sites had no significant
effect on whether seizures were convulsive
or not and whether seizures began during
sleep versus wakefulness (x? tests). Most
seizures were convulsive regardless of the
potential onset site (Fig. 9B). For 61/100
seizures, video recordings were sufficient
to determine whether rats were awake
(eyes open with or without movement,
n = 22) or probably asleep (resting and
eyes closed, n = 39). Most seizures began
when rats probably were asleep regardless
of the potential onset site except the ol-
factory cortex, in which half of the sei-
zures began when rats were awake and
half when asleep, and the septum, in
which only one seizure was available for
analysis (Fig. 9C). There was no signifi-
cant correlation between sleep/wake
state and whether seizures were convul-
sive (x? test).

The time it took for seizures to spread
was measured as the latency of onsets
from the earliest recorded region to the
last. Average seizure latency was 4.5-10.3 s
at all seizure onset sites (Fig. 9D). There
was no significant difference between sites
(ANOVA on ranks). Average seizure la-
tency for convulsive seizures (6.8 = 0.8 s,
n = 66) was similar to that of nonconvul-
sive seizures (7.4 = 1.2s,n = 34, p = 0.65,
t test).

Neuropathology

Qualitative evaluation of Nissl-stained
sections revealed similar neuropathologi-
cal changes in pilocarpine-treated rats of
the present study with those reported pre-
viously for epileptic kainate-treated rats
(Chen and Buckmaster, 2005). Hilar neu-
ron loss was a consistent abnormality, al-
though its extent was variable. Neuron
loss in other brain regions was sometimes
evident in the amygdala, olfactory cortex,
and thalamus. There was no obvious cor-
relation between areas of neuron loss and
sites of earliest seizure activity. For exam-
ple, seizures frequently were recorded ear-
liest in the subiculum, but the subiculum
displayed little if any evidence of damage
(Fig. 1A). Another example is rat no. 5, in
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Figure8. Seizure onset latency ranks by brain regions. A, Earliest onset latencies ranked and then averaged across 10 rats. Bars
indicate SEM. Parts of the hippocampal formation (magenta), amygdala (blue), and olfactory cortex (yellow) are indicated by color.
B, Earliest latencies ranked without by-eye measurements of seizure onset. €, Similar to data in A except onset latencies were
determined by the average instead of the earliest value for all electrodes in each brain region.
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Table 2. Brain regions of individually identified rats tested for early or late seizure onset latency

rat

subiculum

ventral
hippocampus

entorhinal
cortex

dorsal
hippocampus

amygdala

olfactory
cortex

non-
dorsomedial
thalamus

neocortex

septum

dorsomedial
thalamus

substantia
nigra

corpus
striatum

cerebral
peduncle

early late
90% 0%
83% 0%
88% 0%
67% 11%
56% 33%
33% 11%
10% 70%
0% 33%
10% 70%
0% 86%
0% 100%
0% 100%
0% 100%

Friedman repeated-measures ANOVA on ranks with Tukey post hoc comparisons was used. Red indicates that the region had a significantly shorter seizure onset latency than at least one other region in that rat. Blue indicates that the region
had a significantly longer seizure onset latency than at least one other region in that rat. n/a indicates structures not recorded.

which seizures were frequently recorded first in the right
amygdala, which looked relatively normal (Fig. 1B).

Discussion

Results of the present study reveal similarities and differences of
spontaneous seizures in the commonly used pilocarpine-treated
rat model compared with those reported for patients with tem-
poral lobe epilepsy. Differences include the following: in rats,
seizures tend to be shorter, spread faster, involve more brain
regions, generate behavioral manifestations more quickly, and
develop into generalized convulsions more frequently. Simi-
larities include the following: waveform patterns of electro-
graphic seizure onset, variability within individuals in sites of
earliest seizure activity and in sequences of seizure spread
among brain regions, and earliest seizure activity is recorded
most frequently within the hippocampal formation, especially
its temporal region.

Validity of the pilocarpine-treated rat model of temporal

lobe epilepsy

Results of the present study suggest that seizures initiate in the
hippocampal formation of pilocarpine-treated rats, which con-
trasts with previous studies questioning the validity of the model.
Mello et al. (1996) evaluated fos immunoreactivity in pilocarpine-
treated rats and speculated that spontaneous seizures result from
initial activation of area tempestas or limbic structures other than
the hippocampus proper. Area tempestas is within or near the
endopiriform nucleus (Piredda and Gale, 1985). In the present
study, the endopiriform nucleus, which was included in the
broader olfactory cortical region, contained at least one recording
electrode in 7/10 rats, but in only one was the earliest seizure
activity recorded there. The broader olfactory cortical region oc-
cupies a proportionally large fraction of the rat forebrain and is
the most severely atrophied region in kainate-treated rats (Chen
and Buckmaster, 2005). Nevertheless, it displayed earliest seizure
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Figure 9.  Sites of earliest recorded seizure activity versus parameters of seizure onset, be-

havior, and spread. 4, Percentage of seizure onsets detected by each marker (by eye, slow wave,
or peak of spectral power at 20—-200 or 200600 Hz) for each region where seizures were
recorded earliest. For example, of the 17 seizures with earliest activity in the dorsal hippocampus,
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activity only occasionally and not more often than expected by
chance. Limbic structures other than the hippocampus proper,
including the amygdala occasionally and the subiculum and en-
torhinal cortex more frequently, displayed earliest seizure activity
in pilocarpine-treated rats. However, contrary to the prediction
of Mello et al. (1996), the hippocampus proper frequently dis-
played earliest seizure activity. Limitations of using fos immuno-
reactivity to identify sites of early seizure activity might account
for the different conclusions. Harvey and Sloviter (2005) also
used fos immunoreactivity, but added video and local field po-
tential recording to evaluate epileptic pilocarpine-treated rats.
They concluded that spontaneous seizures were probably of ex-
trahippocampal origin, although the site was not identified, and
they challenged the validity of the model. Their definition of
seizure activity required the paroxysmal onset of population
spikes instead of more conventional waveforms that are typically
used to identify seizure onset in patients with temporal lobe epi-
lepsy (Engel, 1990; Spencer et al., 1990, 1992; Brekelmans et al.,
1995; Velasco et al., 2000; Weinand et al., 2007; Gotz-Trabert et
al., 2008; Ogren et al., 2009) and in rodent models (Mathern et al.,
1993; Bertram, 1997; Bragin et al., 1999, 2005; Lévesque et al.,
2012). The population spike criterion of Harvey and Sloviter
(2005) pushed electrographic seizure onsets later than behavioral
onsets. However, in pilocarpine-treated rats, granule cell unit
activity increases significantly and abruptly before population
spikes develop in epileptic discharges (Bower and Buckmaster,
2008). The present study used conventional seizure onset criteria
and revealed the frequent early involvement of the hippocampal
formation, with electrographic onsets almost always preceding
behavioral onsets.

Earliest seizure activity was most likely to be recorded in the
ventral region of the hippocampus, which is homologous to the
anterior hippocampus in humans. The anterior hippocampus is
more epileptogenic (King and Ajmone Marsan, 1977; Masukawa
et al., 1995; King et al., 1997), displays more severe neuropatho-
logical changes (Mouritzen Dam, 1980; Babb et al., 1984), and is
the part of the hippocampus resected to treat patients with tem-
poral lobe epilepsy. In the present study, the ventral subiculum
was recorded and frequently displayed early seizure activity. The
ventral subiculum allows spread of seizure activity (Kliot and
Poletti, 1979) and supports seizure generation in patients with
temporal lobe epilepsy (Huberfeld et al., 2011). The amygdala is
located adjacent to the temporal end of the hippocampus. In
patients with temporal lobe epilepsy, the amygdala is second only
to the hippocampal formation in seizure initiation (Quesney,
1986; Spanedda et al., 1997; Wennberg et al., 2002), and the same
was found in pilocarpine-treated rats. Therefore, patients with
temporal lobe epilepsy and pilocarpine-treated rats have com-
mon sites of likely seizure initiation, which supports the model’s
validity. However, there is a caveat regarding seizure onset iden-
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7 (41%) were detected by eye, 6 (35%) by a slow wave, 1 (6%) by peak of spectral power at
20-200 Hz, and 3 (18%) at 200 — 600 Hz. B, Percentage of seizure onsets that were convulsive
versus nonconvulsive for each region where seizures were recorded earliest. C, Percentage of
seizure onsets that occurred during wakefulness versus probable sleep for each region where
seizures were recorded earliest. Video recording was sufficient to analyze only a subset of
seizures for which earliest activity was recorded first in the amygdala (10), dorsal hippocampus
(12), entorhinal cortex (6), olfactory cortex (4), septum (1), subiculum (18), and ventral hip-
pocampus (10). D, Latency of seizure spread measured from the onset of the first to the onset of
the last region for each seizure. Values represent mean = SEM. Number of seizures are indi-
cated, which also pertains to graphsin A and B.
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tification. The local field potential recording technique used in
the present study provided high temporal resolution but con-
strained spatial resolution. Each wire electrode detects local field
potentials within a volume that might be as small as 0.07 mm”
(Katzner et al., 2009; Xing et al., 2009; but see Kajikawa and
Schroeder, 2011). Rat brains have a total volume of 2000 mm?
(Swanson, 1992); therefore, 32 electrodes might record the activ-
ity of only 0.1% of a rat’s brain. Therefore, limits of the approach
make it impossible to exclude the possibility of seizure activity
initiating even earlier at sites not recorded. For example, in pa-
tients, seizures sometimes initiate in the neocortex of the lateral
temporal lobe (Quesney, 1986; Spencer et al., 1990). The present
study included data from five electrodes placed in the neocortex,
including the insula, of three rats. In none of those cases was
earliest seizure activity recorded. However, more work is needed
to determine whether seizures in rodent models begin in regions
homologous to the human lateral temporal neocortex.

Brain regions probably not commonly involved in

seizure initiation

Some brain regions that had been hypothesized to contribute to
the initiation and spread of spontaneous seizures were tested by
measuring their onset latencies. The thalamus (Margerison and
Corsellis, 1966; DeCarli et al., 1998), especially the dorsomedial
region, displays abnormalities in patients with temporal lobe ep-
ilepsy (Juhasz et al., 1999) and in rodent models (Bertram et al.,
2001). The dorsomedial thalamus has been proposed to play a
critical role in the development of limbic seizures (Bertram et al.,
1998, 2008; Cassidy and Gale, 1998; Blumenfeld et al., 2007). In
the present study, 10 electrodes in seven rats were implanted in
the dorsomedial thalamus. The substantia nigra, especially
pars reticulata, displays neuropathological abnormalities in
pilocarpine-treated rats (Turski et al., 1986; Schmidt-Kastner et
al., 1991). The substantia nigra is activated during seizures (Loth-
man and Collins, 1981), especially when they generalize (Engel et
al., 1978). In the present study, 13/15 electrodes in the substantia
nigra of nine rats were in pars reticulata. The septum is atrophied
in rodent models (Chen and Buckmaster, 2005), including
pilocarpine-treated rats (Turski et al., 1986; Correia et al., 1998;
Garrido Sanabria et al., 2006), and it has been proposed to par-
ticipate in seizure initiation (Popava et al., 2008). All of the rats in
the present study had electrodes implanted in the septum. How-
ever, despite abundant sampling, the septum, substantia nigra,
and dorsomedial thalamus had significantly late seizure onsets in
pilocarpine-treated rats, suggesting that these brain regions are
probably not important for the initiation of spontaneous seizures
in this model.

Limitations of the pilocarpine-treated rat model of temporal
lobe epilepsy
Converging data from the present study suggest that seizures
spread faster and more extensively in pilocarpine-treated rats
than in patients with temporal lobe epilepsy. On average, it took
<3 s for seizures to spread to the contralateral hemisphere and
<7 s for them to spread to all recorded brain regions in
pilocarpine-treated rats. In 95% of the cases, seizure activity was
detected at all recorded brain regions. Additional evidence of fast
and extensive seizure spread includes average behavioral seizure
onset latency <8 s and >75% of seizures causing generalized
convulsions.

The reason for the faster and more extensive seizure spread in
rats is unclear, but there are several possibilities. In rats, systemic
administration of convulsants to induce status epilepticus causes
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bilateral neuropathological damage. In contrast, many patients
with temporal lobe epilepsy have unilateral or asymmetric lesions
(Margerison and Corsellis, 1966). Bilateral damage in rats might
facilitate seizure spread. Furthermore, extrahippocampal dam-
age appears to be more severe in chemoconvulsant rodent models
than in patients with temporal lobe epilepsy (Chen and Buckmas-
ter, 2005). Seizure spread also might be facilitated by hippocam-
pal commissural fiber tracts, which are more developed in
rodents (Fernandes de Lima et al., 1990) than in primates (Ama-
ral et al., 1984; Demeter et al., 1985). Brain size also might con-
tribute to interspecies differences in seizure propagation. Human
brains are 700 times larger than rat brains and seizure spread
might take longer in humans because brain regions are farther
apart. Despite the larger human brain, which is composed of
many more neurons, the average number of synapses received by
individual neurons is approximately similar to that of rodents
(DeFelipe et al., 2002). If there are more neurons but a similar
number of synapses per neuron, then human brains are not sim-
ply scaled-up versions of smaller brains. Instead, on average, neu-
rons in human brains must be less interconnected. Reduced
connectivity may delay and limit seizure spread in humans com-
pared with rodents.
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