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Hippocampal sclerosis is a common pathological
finding in patients with temporal lobe epilepsy, in-
cluding children, but a causal relationship to early-
life seizures remains in question. Neonatal status epi-
lepticus in animals can result in neuronal death
within the hippocampus, although macroscopic fea-
tures of hippocampal shrinkage are not evident at
adulthood. Here, we examined electrophysiological
and pathological consequences of focally evoked sta-
tus epilepticus triggered by intra-amygdala microin-
jection of kainic acid in postnatal day 10 rat pups.
Neonatal status epilepticus resulted in extensive neu-
ronal death in the ipsilateral hippocampal CA1 and
CA3 subfields and hilus, as assessed by DNA fragmen-
tation and Fluoro-Jade B staining 72 hours later. The
contralateral hippocampus was not significantly dam-
aged. Histopathology at P55/P65 revealed unilateral
hippocampal sclerosis (grade IV, modified Wyler/
Watson scale) comprising >50% CA1 and CA3 neuron
loss and astrogliosis. Additional features included hy-
drocephalus ex vacuo, modest dentate granule cell
layer widening, and altered neuropeptide Y immuno-
reactivity indicative of synaptic rearrangement. Hip-
pocampal atrophy was also evident on magnetic
resonance imaging. Depth electrode recordings at
adulthood detected spontaneous seizures that in-
volved the ipsilateral hippocampus and amygdala.
A significant positive correlation was found be-
tween hippocampal pathology grade and both
frequency and duration of epileptic seizures at

adulthood. The current study demonstrates that ex-
perimental neonatal status epilepticus can result in
classical unilateral hippocampal sclerosis and tempo-
ral lobe epilepsy. (Am J Pathol 2010, 176:330–342; DOI:

10.2353/ajpath.2010.090119)

Hippocampal sclerosis is the most common pathological
finding in patients with temporal lobe epilepsy (TLE).1 Char-
acteristics include gross atrophy, selective and asymmetric
neuron loss within CA1, CA3 and dentate hilus, and glio-
sis.1–3 Additional features can include mossy fiber sprout-
ing and granule cell layer dispersion.1,4

Hippocampal sclerosis is implicated as the cause of
seizures and also associated cognitive deficits and sei-
zure intractability, in patients with TLE.3,5–8 Hippocampal
sclerosis is less common in children than adults with TLE,
but may nevertheless be present in up to half or more
patients.9–11 Pathology and neuroimaging studies have
suggested seizures in children are the precipitant of hip-
pocampal sclerosis, and hippocampal sclerosis the
cause of TLE.10,12–17 Nevertheless, a causal link between
early-life seizures, development of hippocampal sclero-
sis, and TLE in humans remains uncertain.

Animal models developed to address this question
have demonstrated that hippocampal damage can result
from early-life seizures.18 The immature rat brain is quite
resistant to permanent seizure damage under 2 weeks of
age, representing the time from newborn to 2 years of
age in children.19,20 Possible mechanisms accounting for
this have been reviewed elsewhere,21 and developmen-
tal age, route, and means of seizure induction all have

Supported by grants from the Health Research Board Ireland (RP/2007/37
and RP/2005/24), Science Foundation Ireland (04/IN3/B466 and 08/IN1/
B1875), Wellcome Trust (GR076576MA), and the National Biophotonics
and Imaging Platform Ireland.

Accepted for publication September 8, 2009.

Supplemental material for this article can be found on http://ajp.
amjpathol.org.

Address reprint requests to David C. Henshall, Ph.D., Department of
Physiology and Medical Physics, Royal College of Surgeons in Ireland,
123 St. Stephen’s Green, Dublin 2, Ireland. E-mail: dhenshall@rcsi.ie.

The American Journal of Pathology, Vol. 176, No. 1, January 2010

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2010.090119

330



strong influence on outcome. Prolonged seizures in-
duced by hyperthermia in postnatal (P) day 10 rats cause
only transient hippocampal injury and no permanent cell
loss.22 Similarly, systemic kainic acid (KA) elicits seizures
but transient, limited or no permanent hippocampal injury
in rats younger than P18.23–25 In contrast, electrical stim-
ulation of the perforant path in rat pups causes death of
hilar and occasional pyramidal cells,26 and pilocarpine-
induced status epilepticus in P12–14 rats causes moder-
ate CA1 damage, minor or occasional CA3 cell death, but
not hilar cell loss.27,28 Intrahippocampal or intraventricu-
lar KA injection in rat pups mainly damages the CA3
subfield.29–31 Nevertheless, despite showing neonatal
rats are vulnerable to seizure damage, these models
provide little evidence that gross hippocampal atrophy
later develops in adolescence or adulthood.

The risk of epilepsy development after early-life status
epilepticus in humans is estimated at 13 to 74%.32 Rates
may be lower following febrile seizures.33 Immature rats
subjected to status epilepticus develop TLE, with model-
dependent prevalence rates of 0 to 42%.24,27,34–36 How-
ever, because neuronal death is not a consistent feature
of the precipitating injury, a causal relationship between
hippocampal pathology and epileptogenesis in these
models is not supported.

The objective of our study was to investigate the out-
come of status epilepticus induced by intra-amygdala KA
in P10 rats. Focal generation of seizures in a brain region
distant but nevertheless projecting to the hippocampus
make this potentially relevant for addressing questions on
the pathogenesis of hippocampal sclerosis. Our results
indicate that neonatal status epilepticus in this model
causes both unilateral hippocampal sclerosis and TLE.

Materials and Methods

Animal Model

Experiments were performed in accordance with proto-
cols approved by the Legacy Institutional Animal Care
and Use Committee and RCSI Research Ethics Commit-
tee. Animals were housed in a facility on a 12:12 light/
dark cycle and provided access to food and water ad
libitum. Seizure induction by intra-amygdala injection of
KA was modified from Ben-Ari et al37 and experimental
models developed by the authors.38,39 Male or female
Sprague-Dawley rats (Harlan, Indianapolis, IN and Har-
lan, Bicester, UK) at P10 were used, with additional ex-
periments using P9 and P11 pups, where indicated. On
the day of the experiment, pups were removed from the
dam, weighed, and anesthetized using isoflurane (5%
induction, 1 to 2% maintenance in O2). Pups were placed
in a stereotaxic frame equipped with a neonatal rat adap-
tor (David Kopf Instruments, Tujunga, CA), and body
temperature was maintained at 37 � 0.5°C by means of
a homeostatic blanket (Harvard Apparatus, Boston, MA)
and heat lamp. Following a midline incision, three partial
burr holes were drilled bitemporally overlying the hip-
pocampi and a third over frontal cortex (see Figure 1B).
Cortical electroencephlogram (EEG) was recorded by

means of skull-mounted recording electrodes (Plastics
One, Roanoke, VA) using a Grass Comet digital EEG
(Medivent, Lucan, Ireland). A fourth complete craniec-
tomy was drilled for placement of a guide cannula. Co-
ordinates for the guide cannula from Bregma were as
follows: Anterior-posterior � �1.44 mm; Lateral � �2.85
mm. The guide cannula was lowered to the brain surface,
and the entire assembly was fixed with dental cement.
Anesthesia was discontinued, pups were placed in a
warmed incubator, and electrodes were connected to the
EEG via a swivel commutator. Following baseline EEG
recordings up to 30 minutes, a 31-gauge internal cannula
was inserted into the guide and lowered 3.5 mm below
cortical surface to enable microinjection into the central
and basolateral amygdala (Supplemental Figure S1A, see
http://ajp.amjpathol.org). Pups received either 0.2 �l of
vehicle (phosphate buffer, pH 7.4) or KA (0.1, 0.3, or 2
�g; Sigma-Aldrich, St. Louis, MO). EEG was routinely
recorded up to 90 minutes, after which pups were re-
turned to the dam. To establish the full duration of sei-
zures in the model, an additional group of 0.1- and 2.0-�g
KA-treated P10 pups were EEG-monitored for 4 hours
after KA injection and again at 24 hours. Animals were
euthanized at P13, P55, P65, or at adulthood (P120 to
P150) (see Figure 1A).

Acute EEG Analysis

Status epilepticus was defined as high-amplitude (�2 �
baseline), high-frequency (�1 Hz) EEG spiking lasting at
least 30 minutes. For assessment of seizure lateralization,
spike amplitude was measured over 10-second ex-
cerpts in three consecutive events following injection of
2 �g of KA.

Hippocampal-Cortical and Amygdala-Cortical
EEG with Video at Adulthood

Rats at P120 to P150 that had received intra-amygdala
vehicle or KA (2 �g) at P10 were anesthetized and ster-
eotaxically implanted with a twisted wire bipolar elec-
trode (Plastics One) into either the dorsal hippocampus
(coordinates: Anterior-posterior � �3.14 mm; Lateral �
�1.5 mm; Vertical � �3.2 mm) or the amygdala at the
level of dorsal hippocampus (coordinates: Anterior-pos-
terior � �3.14 mm; Lateral � �4.6 mm; Vertical � �8.6
mm). Cortical EEG was recorded by means of two skull-
mounted recording electrodes (Plastics One Inc) placed
over the frontal cortex and cerebellum and secured with
dental cement. Animals were allowed to recover for at
least 24 hours before combined hippocampal-cortical or
amygdala-cortical recordings using the Grass EEG sys-
tem. Simultaneously, time-matched video was recorded
using a Philips SPC 900NC PC camera. Each animal was
recorded for 6 hours per day for up to 4 consecutive
days. Video-EEG recordings were analyzed manually to
determine the presence of spontaneous epileptic sei-
zures and interictal events. Isolated high-amplitude
spikes (�2 � baseline) with no abnormal behavioral
correlate were classified as interictal events. Epileptic
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seizures were defined as high-frequency and high-
amplitude EEG spiking lasting �5 seconds duration,
according to similar definitions by others.35,36 Following
detection of an electrographic event, video was analyzed
for clinical features. Behavioral seizures were defined as
behavior corresponding to Racine scale 3 or greater
(score 3, bilateral forelimb clonus; score 4, forelimb clo-
nus and rearing; score 5, forelimb clonus with rearing and
loss of posture). Only events that fulfilled the electro-
graphic and behavior criteria were counted as spontane-
ous seizures.

Neuropathology

Hippocampal sclerosis was assessed in P55 rats using a
Wyler/Watson-adapted pathological grading system.40

Fresh-frozen whole brains were sectioned on a cryostat
(12 �m) at the level of the dorsal hippocampus, as de-
scribed previously.38,39 Next, sections were fixed in 10%
formalin, dehydrated, and nissl-stained using cresyl vio-
let. Demarcation of hippocampal boundaries was ac-
cording to Lorente de No.41 Scoring was as follows:
grade 0 � normal; I � slight (�10%) neuronal loss in CA3
or CA1; II � 10 to 50% neuronal loss in CA3 and/or CA1;
III � �50% neuronal loss in CA3 with 10 to 50% neuronal
loss in CA1; IV � �50% neuronal loss in CA3-CA1; and
V � �50% neuronal loss in CA1-CA3 and damage to
additional hippocampal regions, including dentate gyrus.
Granule cell layer width was determined using Image J
software, and granule cell counts were the average of five
section lengths (100 �m) in two adjacent slices from n
animals.

Immunohistochemistry and Neuronal Damage
Detection

Immunohistochemistry and DNA fragmentation analy-
sis was performed as previously described with mod-
ifications.38 After formalin fixation, sections were
blocked in goat serum and incubated with specific
antibodies against the following: glial fibrillary acidic
protein (GFAP), neuropeptide Y (NPY) (Sigma-Aldrich),
and NeuN (Chemicon International, Temecula, CA). Sec-
tions were washed in phosphate buffer and then incu-
bated with fluorescein isothiocyanate-, Rhodamine (Jack-
son ImmunoResearch, West Grove, PA)-, AlexaFluor
488-, or AlexaFluor 568 (Molecular Probes, Eugene, OR)-
conjugated secondary antibodies. DNA fragmentation
was detected by terminal deoxynucleotidyl dUTP nick
end labeling (TUNEL) according to manufacturer’s recom-
mendations (Roche Molecular Biochemicals, Indianapolis,
IN). Sections were mounted in medium containing 4	,6 dia-
midino-2-phenylindole (Vector Laboratories, Burlingame,
CA) to stain nuclei. Fluoro-Jade B (FjB) staining was per-
formed according to manufacturer’s instructions (Chemi-
con International), as described previously.39 Sections
were examined blinded to treatment, under a Nikon 2000s
epifluorescence microscope fitted with a Hamamatsu Orca
285 camera (Micron Optical, Enniscorthy, Ireland) using
excitation/emission wavelengths of 340/425 nm (blue), 500/

550 nm (green), and 580/630 nm (red). For the hippocampal
subfields, TUNEL, FjB, andNeuNcounts were themean of the
total cell counts from the entire subfield from two adjacent
sections of n animals, as described previously.38,39 Amygdala
TUNEL, FjB, and neuron counts were the mean of four
�40 lens fields. Assignment of counts to specific subnu-
clei of the amygdala was not undertaken. To assess the
proportion of dying cells with apoptotic morphology,
mean counts from 100 cells on two adjacent hippocam-
pal sections from seizure pups at 72 hours (n � 4) were
examined for the presence of nuclear rounding and
clumping of TUNEL-positive material.

Western Blotting

Western blotting was undertaken as described previou-
sly.38 Protein was extracted from hippocampi in lysis
buffer containing a protease inhibitor mixture (Sigma-
Aldrich) and 50-�g samples separated by 12 to 15%
SDS-PAGE. Proteins were transferred to polyvinylidene
difluoride membranes and incubated with specific anti-
bodies against the following: �-tubulin and pan-14-3-3
(Santa Cruz Biotechnology, Santa Cruz, CA), NeuN
(Chemicon International), and GFAP (Sigma-Aldrich).
Protein levels were detected using chemiluminescence
and semiquantitative densitometry undertaken on time-
matched gels using AlphaEaseFC 4.0 software.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) was performed using
a 7T Bruker Biospec 70/30 system (Bruker Biospin, Et-
tlingen, Germany) with a 70-mm volume coil for transmis-
sion and an actively decoupled rat head surface coil for
reception only (circular polarized). Rats were anesthe-
tized with 5% isofluorane and maintained under sedation
using 1.5% isofluorane. The animal’s temperature (37 �
1°C) and respiration were monitored for the duration of
the experiment. High-resolution images were acquired
using Rapid Acquisition with Relaxation Enhancement
two-dimensional sequence with a Rapid Acquisition with
Relaxation Enhancement factor of 8 and an echo time of
12.845 ms, resulting in an effective echo time of 38.5 ms
(with a flip angle of 90° and 180° for the refocusing
pulses). With an acquisition matrix of 256 � 256 and a
field of view of 2.5 � 2.5 cm2, the pixel resolution was 98
�m/pixel. In the axial plane, 54 slices, each measuring
0.5 mm in thickness with no gaps, were acquired. Rep-
etition time was 6676.9 ms, and six averages were used
for a total measuring time of 21 minutes.

Data Analysis

All data are presented as the mean � SEM. Statistical
analysis was performed using analysis of variance with
post hoc Fisher’s protected least significant difference
test and Student’s t-test, as appropriate. Statistical anal-
yses were performed using StatView software (SAS Insti-
tute, Cary, NC) and GraphPad Instat (San Diego, CA).
Significance was accepted at P � 0.05.
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Results

Focally Evoked Neonatal Status Epilepticus in
P10 Rats

We first investigated the electrophysiological consequences of
neonatal status epilepticus induced by intra-amygdala mi-
croinjection of KA in P10 rats. This model was selected
because in adult rats it produces limbic status epilepticus,
followed by classical unilateral hippocampal pathology and
chronic TLE.37,42 P10 rats were selected for their hippocam-
pal developmental age equivalence to that of a young hu-
man infant and the extensive knowledge of responses at
this age to status epilepticus.19,20 However, EEG and his-
topathology responses to KA were similar in P9 and P11 rat
pups (n � 4 per group given 2 �g; data not shown).

The surface EEG recording montage is depicted in
Figure 1B. Epileptiform EEG was elicited in P10 rat pups
in a dose-related manner following intra-amygdala micro-
injection of KA. Pups injected with 0.1 �g of KA devel-
oped mainly low-amplitude, high-frequency spiking that
lasted several hours but that did not develop into status
epilepticus (continuous high-amplitude, high-frequency
spiking lasting at least 30 minutes) (Figure 1D). Behav-
ioral features were mild and included brief episodes of
masticatory movements, salivation, facial, and forelimb
myoclonus. Recordings at 24 hours showed no abnormal
behavior, and EEG features were unremarkable. Similar
results were observed for 0.3 �g-injected pups (data not
shown). In contrast, after the injection of pups with 2 �g

of KA, initial low-amplitude, high-frequency EEG devel-
oped to high-amplitude, high-frequency epileptiform EEG
seizures (Figure 1E). The pups displayed seizure-like
behavior including initial masticatory movements and sal-
ivation, developing to periods of facial and forelimb my-
oclonus and progressing to the most commonly ob-
served behavior of wild running, loss of posture, and
swimming motions. The high-amplitude, high-frequency
spiking in 2-�g KA-injected pups was sustained and
corresponded with the wild running and swimming be-
haviors during recordings 1 to 2 hours after KA. Illustrat-
ing the KA dose relationship, analysis of this seizure EEG
pattern during recordings from the period of 60 to 90
minutes after KA found duration correlated to KA dose
(r � 0.7, P � 0.01, n � 14). Using the referential record-
ing montage and analyzing the relative amplitudes of
EEG spiking after 2 �g of KA recorded from the surface
overlying the ipsilateral and contralateral cortex sup-
ported status epilepticus as focal with secondary gener-
alization: contralateral EEG amplitude was lower (40 �
3%) than ipsilateral amplitude (n � 3) in first-event
polyspike seizures (Figure 1C). Analysis of subsequent
epileptiform events showed the same degree of lateral-
ization persisted (Figure 1C). By 4 hours after 2 �g of KA,
status epilepticus had abated in all pups, with minimal
behavioral and EEG displaying intermittent lower-ampli-
tude, high-frequency spiking (Figure 1E). Recordings in
pups 24 hours after 2 �g of KA showed residual spiking
but normal behavior (Figure 1E).

Figure 1. EEG and status epilepticus following
intra-amygdala KA in P10 rats. A: Schematic of
the experimental groups. Pups received intra-
amygdala vehicle (veh) or KA at P10 and were
analyzed at various times up to P150. B: Record-
ing montage for acute bilateral EEG, depicting
electrode placement over contralateral (contr. 1)
and ipsilateral (ipsi. 2) cortex relative to the
reference site (3). C: Graph showing lateraliza-
tion of seizures in model as evidenced by lower
EEG amplitude in contralateral recordings com-
pared with ipsilateral signal strength for three
sequential seizure events (averaged from n � 3
recordings). D and E: Representative EEG traces
following intra-amygdala injection of 0.1 �g (D)
and 2 �g (E) of KA, showing status epilepticus
(continuous high-amplitude, high-frequency
spiking) developing after injection of the high
but not low dose of KA. Note seizure lateraliza-
tion in E.
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Neonatal Status Epilepticus Results in
Extensive and Permanent Unilateral
Hippocampal Cell Death

Examination of acute pathology was undertaken 3 days
following intra-amygdala injections by staining sections
at the level of dorsal hippocampus for TUNEL and FjB,
which label cells undergoing irreversible DNA fragmen-
tation and cell death, respectively. Significant TUNEL and
FjB staining was present within ipsilateral CA1 (Figure 2,
A and B), CA3 (Figure 2, C and D), and the hilus (Figure
2, E and F) in pups that underwent status epilepticus
induced by intra-amygdala KA (2 �g) compared with
vehicle-injected and naive P13 pups. Regression analy-
sis determined there was a positive correlation between
high-amplitude, high-frequency seizure duration (in re-
cordings up to 90 minutes post-KA) and CA3 TUNEL
counts (r � 0.7, P � 0.01, n � 14), indicating damage
was related to seizure duration. Although we focused on
the dorsal hippocampus, damage was also present at the
level of the ventral hippocampus after status epilepticus
induced by 2 �g of KA in CA1, CA3, and the hilus
(Supplemental Figure S1B, see http://ajp.amjpathol.org).

Systemic administration of the anticonvulsant lorazepam
(6 mg/kg) 90 or 100 minutes after 2 �g of KA (n � 2–4 per
group) reduced, although did not abolish seizure activity,
on EEG (Supplemental Figure S1C, see http://ajp.amjpathol.
org). Lorazepam-treated pups displayed �50% reduction
in CA3 and CA1 cell death (data not shown).

TUNEL and FjB counts in the ipsilateral dentate gran-
ule cell layer of 2-�g injected pups were not different to
controls (Figure 2, G and H). There was also no signifi-
cant TUNEL or FjB staining in the contralateral hippocam-
pal subfields of 2-�g KA-injected pups or in ipsilateral
hippocampal subfields from pups given 0.1 or 0.3 �g of
KA (Figure 2, A–H, and data not shown). Analysis of the
ipsilateral amygdala at the site of microinjection revealed
there was significant TUNEL (data not shown) and FjB
staining in 2-�g injected pups compared with control and
other KA doses (Figure 2, I and J).

Phenotype and Morphology of Degenerating
Cells

Immunostaining of hippocampal sections determined
88.9 � 3.2% of TUNEL-positive cells were immunoreac-

Figure 2. Permanent hippocampal damage 72
hours after neonatal status epilepticus in P10
rats. A–H: Quantification of ipsilateral TUNEL
and FjB counts 72 hours after injection of vehicle
(veh) or 2 �g of KA compared with age-matched
naive (N) pups for CA1 (A and B), CA3 (C and
D), hilus (E and F), and dentate granule cell
layer (GCL) (G and H). Data from contralateral
(c) fields are shown for 2-�g injected pups. Pan-
els to the right of graphs are representative field
views of TUNEL and FjB staining from 2-�g
KA-injected pups at 72 hours. I: Quantification
of FjB counts within the amygdala at the injec-
tion site for each dose tested. J: Representative
photomicrograph of FjB staining within the ipsi-
lateral amygdala at P13 in a 2-�g injected pup.
Data are from n� 3–4 rats per group. �P� 0.05,
��P � 0.01, and ���P � 0.001 compared with
vehicle and naive pups. Scale bar in A–D, 100
�m; E and F, 50 �m; and J, 150 �m.
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tive for the neuronal nuclear protein NeuN (Supplemental
Figure S1D, see http://ajp.amjpathol.org). Morphological
features of apoptosis such as clumping of chromatin and
apoptotic bodies were present in 3.8 � 0.5% of TUNEL-
positive cells (Supplemental Figure S1E, see http://ajp.
amjpathol.org).

Neonatal Status Epilepticus Results in Unilateral
Hippocampal Sclerosis

We next studied groups of rats at P55 and P65 (adoles-
cence/early adulthood) to examine whether morphological
characteristics of hippocampal sclerosis were present.
Rats at P55 or P65 that underwent status epilepticus at
P10 induced by 2 �g of KA displayed sclerosis of the
ipsilateral hippocampus (Figure 3, A–C and E). There
was no significant difference in the incidence or severity
of hippocampal sclerosis between male and female rats
given 2 �g of KA at P10 (data not shown). Morphological
features comprised atrophy of the pyramidal cell layers
and reduced overall size of the ipsilateral hippocampus
(Figure 3, A–C and E). Hydrocephalus ex vacuo of the
lateral ventricle ipsilateral to the side of KA injection was
observed (Figure 3, A–C and E). Scoring of hippocampal
sclerosis using a modified Wyler/Watson scale (see
Materials and Methods) determined hippocampal sclero-
sis averaged grade IV (Figure 3G). Hippocampal sclero-
sis did not develop in pups given the lower KA doses,
and neuropathologic scores were zero for hippocampi of

P55 rats that received intra-amygdala vehicle at P10 and
the contralateral hippocampus of 2-�g KA-injected ani-
mals (Figure 3, A–F, and data not shown).

Hallmarks of Hippocampal Sclerosis: Neuron
Loss

Counts of NeuN-positive cells at the level of dorsal hip-
pocampus were 
40% of vehicle controls in the ipsilat-
eral CA1 of P55 rats that were subject to neonatal status
epilepticus at P10 (Figure 4A). In CA3, neuron counts
were 
20% of controls (Figure 4, B and C). Contralateral
hippocampal CA1 and CA3 neuron counts at P55 in rats
subject to neonatal status epilepticus at P10 were not
different to controls (Figure 4, A and B). The extent of
ipsilateral CA1 and CA3 neuron loss was similar in rats
analyzed at P120 to P150 (data not shown). Neuron loss
was also significant at adulthood within the ipsilateral
hilus, where NeuN-positive counts in rats given 2 �g of
KA at P10 were 42% (range, 13 to 91%) of vehicle con-
trols (P � 0.05), whereas contralateral hilar neuron
counts were not different to controls (data not shown).
These data were supported by Western blot measure-
ment of hippocampal levels of NeuN in separate rats at
P65. NeuN levels at P65 in rats given 2 �g of KA at P10
were 
50% of the vehicle control group (P � 0.001, n �
3 per group) (Figure 4D).

Hallmarks of Hippocampal Sclerosis:
Astrogliosis, NPY Changes, and Granule
Cell Layer Widening

Next, we performed Western blot measurement of ipsilat-
eral hippocampal levels of GFAP to determine whether
sclerotic hippocampi featured astrogliosis, a common
characteristic of hippocampal sclerosis. Hippocampal ly-
sates from P65 rats that received intra-amygdala KA
(2 �g) at P10 had dramatically elevated GFAP levels
when compared with controls and to doses of KA that did
not result in hippocampal sclerosis (P � 0.0001) (Figure
5A). Complementing these findings, tissue sections from
sclerotic hippocampi at P55 displayed increased GFAP
immunostaining within CA1 and CA3 compared with con-
trols (Figure 5B and data not shown). This comprised a
general increase in astrocyte numbers and widened/
thickened astrocyte processes (Figure 5B).

Hippocampal rearrangement of mossy fibers is a com-
mon feature of pathology in TLE patients and in animal
models, although its function remains uncertain.43 NPY is
expressed and released from the terminals of mossy
fibers under these conditions and represents an immu-
nohistochemical means of visualizing hippocampal rear-
rangement. NPY immunoreactivity in vehicle control rats
was mainly present in isolated hilar cells, with some stain-
ing also detected in the outer part of the dentate molec-
ular layer (Figure 5C). The KA-injected rats with hip-
pocampal sclerosis at P55 displayed enhanced NPY
immunoreactivity within the dentate molecular layer, hi-
lus, and dendritic field of CA3 (Figure 5C).

Figure 3. Unilateral hippocampal sclerosis at P55/P65 after neonatal status
epilepticus in P10 pups. Representative nissl-stained sections from separate
2-�g KA-injected rats at P55 (A and B) and P65 (C), which underwent
neonatal status epilepticus at P10. Note ipsilateral hippocampal sclerosis
(arrows) and hydrocephalus ex vacuo of the lateral ventricle. D: Coronal
section from a P55 rat that received intra-amygdala vehicle at P10. E and F:
Representative photomicrographs (�2.5 lens) of ipsilateral hippocampus at
P55 from rats that received intra-amygdala KA (2 �g) (E) and vehicle (F) at
P10. Scale bar in E, 250 �m. G: Graph showing hippocampal sclerosis (HS)
pathology scoring at P55 for rats given intra-amygdala vehicle (veh, n � 4)
or KA (2 �g, n � 7) at P10.
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Last, we investigated morphological changes to the
dentate granule cell layer, which have been reported in
experimental and human TLE.4,44 Rats at P55 that under-
went 2 �g of KA-induced status epilepticus at P10 had a
modest but significant widening of the dentate granule
cell layer on the ipsilateral side compared with the con-
tralateral side and when compared with the ipsilateral
side of vehicle-injected controls (Figure 6, A, C, and D).

Counts of granule neurons found no difference between
ipsilateral or contralateral hippocampi for rats given ve-
hicle or KA at P10 (Figure 6B). An ipsilateral difference in
granule cell layer width at P55 was also evident in 2-�g
KA-injected rats compared with rats that received 0.1 �g
of KA (Figure 6E).

Amygdala (Injection Site) Pathology

Since KA (2 �g) injection at P13 caused cell death within
the ipsilateral amygdala, we examined coronal brain sec-
tions at the corresponding level in P65 rats for evidence

Figure 4. Hippocampal neuron loss at P55/65 following neonatal status
epilepticus. A and B: Graphs depict NeuN-positive cell counts for contralat-
eral (contr) and ipsilateral (ipsi) CA1 and CA3 subfields at P55 in rats given
intra-amygdala vehicle or KA (2 �g) at P10 (n � 4–6 per group). Note
significant loss of neurons in both subfields in rats subject to neonatal status
epilepticus. ��P � 0.01 versus ipsilateral vehicle control, #P � 0.05 versus
contralateral KA. C: Fluorescence microscopy images (�20 lens) showing
NeuN staining (green) of ipsilateral CA3 subfields of P55 rats that received
intra-amygdala vehicle or KA (dose in micrograms) at P10. Note significant
neuron loss in rats given 2 �g of KA. D: Western blot analysis at P65 of NeuN
levels in hippocampal samples from vehicle- and KA-injected rats at P10 (n�
1 per lane). Note lower levels of NeuN protein in 2-�g KA-injected rats
compared with other groups. �-Tubulin (�-Tub) is included as a protein
loading control. Scale bar in C, 100 m.

Figure 5. Hippocampal astrogliosis at P55/65 following neonatal status epi-
lepticus. A: Western blot analysis at P65 of GFAP levels in hippocampal
samples from rats given intra-amygdala vehicle or KA injection at P10 (n �
1 per lane). Note dramatically elevated GFAP in 2-�g KA-injected rats com-
pared with other groups. 14-3-3 is included as a protein loading control.
B: Fluorescence microscopy images (�40 lens) showing GFAP (green) stain-
ing of ipsilateral CA3 subfields of P55 rats that received either intra-amygdala
vehicle or KA (2 �g) at P10. Note significant astrogliosis. Inset shows a
higher power magnification of a single hypertrophic astrocyte. Nuclear mor-
phology of cells is shown by 4	,6	-diamidino-2-phenylindole staining (DAPI)
(gray). C: Representative photomicrographs showing hippocampus stained
for NPY (red) and NeuN (green) at P55 in rats given either vehicle or KA (2
�g) at P10. NPY immunoreactivity demarcates hippocampal mossy fiber
rearrangement (arrows). Scale bars in B, 12 �m; in C, 200 �m.
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of neuronal loss. Counts of NeuN-positive cells within the
injection site of the ipsilateral amygdala revealed lower
numbers in KA-injected rats compared with vehicle-in-
jected controls (Figure 7A). A small increase in GFAP
immunoreactivity was also apparent in the KA-injected
animals (Figure 7B).

Neonatal Status Epilepticus Results in TLE at
Adulthood

To determine whether neonatal status epilepticus leads
to the development of TLE at adulthood, we undertook
intermittent range-finding video and EEG monitoring of
neonatal status epilepticus rats over several days at P55
(n � 5). Behavior consistent with epileptic seizures was
occasionally observed in rats, which consisted of short
episodes of facial stereotypies and head nodding. Such
events were usually accompanied by brief epileptiform
cortical EEG spiking, indicating seizures may be partial.
However, secondarily generalized seizures with rearing
and forelimb clonus were also observed. To fully evaluate
the epileptic phenotype, additional rats subject to neo-
natal status epilepticus, and vehicle controls were instru-
mented for depth electrode recordings at the level of
dorsal hippocampus with video at adulthood (P120 to

P150; see Figure 1A). We first performed combined in-
trahippocampal-cortical EEG recordings (6 hours/day for
2 to 4 days). No epileptic seizure-like or epileptiform
events were detected in rats that received intra-amyg-
dala vehicle at P10 (n � 4) (Figure 8A). In contrast,
electrographic seizures were detected in the ipsilateral
hippocampus in 64% (7 of 11) of animals that received
KA (2 �g) at P10. These were high-frequency events with
typically increasing amplitude, usually followed by abrupt
cessation or postictal depression (Figure 8, D and E).
Seizures occurred with a mean incidence of 1.9 � 0.2 per
6 hours recording session (range, 0 to 5). Mean sponta-
neous seizure duration was 201 � 53 seconds (range, 6
to 1145 s). Corresponding cortical EEG typically dis-
played mild electrographic polyspike correlates of these
hippocampal events when compared with background
(Figure 8, D and E). The behavioral correlates of these
seizures included head nodding, whole body clonus
“jerk,” straub tail, unilateral and bilateral forepaw myoc-
lonus, rearing, and loss of posture. Clinical symptoms
typically began a few seconds before detection of hip-
pocampal electrographic seizure EEG. Interictal events,
characterized by low-frequency, high-amplitude spikes
with no altered behavior were present in all of the animals
that displayed spontaneous seizures and in three of four
of the animals that did not display spontaneous seizures
(Figure 8B). A subset of the rats (2 of 11) displaying
temporal lobe seizures with limited cortical expression
underwent occasional epileptic seizures characterized
by high-amplitude, low-frequency spiking across cortical
and hippocampal EEG with behavior characterized by
intermittent immobility and myoclonic jerks (Figure 8C).

In similar experiments at adulthood with recording
electrodes placed in the ipsilateral amygdala at the level
of dorsal hippocampus and overlying cortex, spontane-
ous seizures were again detected in a majority of rats
(three of four) that had received 2 �g of KA at P10 (Figure
8F). No seizures were detected during intra-amygdala
recordings from adult rats that were given intra-amygdala
vehicle at P10 (n � 2; data not shown). NeuN counts at
P120 to P150 in the ipsilateral amygdala at the level of

Figure 6. Granule cell layer widening at P55/65
following neonatal status epilepticus. A: Graph
showing granule cell layer widths. Significant
widening was detected in ipsilateral (ipsi) hip-
pocampus of 2-�g KA-injected pups by adult-
hood (n � 4–6 per group). �P � 0.05 versus
ipsilateral side of vehicle control; #P � 0.05 ver-
sus contralateral (contr) side of KA injected. B:
Graph of granule cell layer counts from the same
area show no differences between groups. C
and D: Representative photomicrographs of the
contralateral and ipsilateral dentate gyrus of a
status epilepticus rat at P55 with widening of
layer on ipsilateral side. Arrows highlight area
of comparison. E: Representative photomicro-
graphs of the upper blade of the ipsilateral den-
tate granule cell layer from 0.1- and 2-�g KA-
injected rats at P55 at two different positions.
Note difference in layer width despite numbers
of cells being comparable. Scale bars in C, 100
�m; in E, 15 �m.

Figure 7. Amygdala injection site at P65. A: Graph showing NeuN counts within
the ipsilateral amygdala of vehicle (veh)- and 2-�g KA-injected rats at P65 (n �
3–4 per group). �P � 0.05 compared with vehicle group. B: Representative
double-label fluorescence immunostaining (�40 lens) of NeuN and GFAP in
sections from P65 rats at the site corresponding to the intraamygala injection
point at P10. Scale bar, 12 �m.
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dorsal hippocampus were similar between KA- and ve-
hicle-injected rats, and astrogliosis was not present (Sup-
plemental Figure S2, see http://ajp.amjpathol.org).

Influence of Hippocampal Sclerosis on Epileptic
Phenotype

Hippocampal sclerosis grading was undertaken after
completion of video-EEG monitoring of animals at P120 to
P150. Spearman rank correlation analysis determined
that epileptic seizure frequency was positively correlated
with hippocampal sclerosis grade (r � 0.83, P � 0.005)
and that epileptic seizure duration was positively corre-
lated with hippocampal sclerosis grade (r � 0.90, p �
0.0008). Frequency, but not duration, of spontaneous
seizures was inversely correlated with hilar NeuN counts
(r � �0.74, p � 0.05).

Detection of Hippocampal Sclerosis by MRI

Finally, we used MRI to visualize hippocampal sclerosis
in rats at P125 to P150 that displayed spontaneous sei-
zures (n � 4). Images were acquired in anesthetized rats
using a high field (7 T) magnet. Anatomical scans iden-
tified unilateral hippocampal atrophy at P125 to P150 in
rats given KA (2 �g) at P10 (Figure 9, A, B, and D).
Follow-up pathology on a representative imaged animal
confirming unilateral hippocampal atrophy is provided in
Figure 9C.

Discussion

The present study demonstrates that intra-amygdala KA
in neonatal rats causes status epilepticus and extensive
acute unilateral hippocampal neurodegeneration. Sig-
nificantly, rats developed unilateral atrophy of the hip-
pocampus with attendant features of hippocampal
sclerosis and spontaneous seizures involving the hip-
pocampus. There is clinical data supporting a relation-
ship between early-life seizures and development of hip-
pocampal sclerosis and TLE.10,12–17 Causality is partly
supported by animal data; with some exceptions, for
example, systemic KA and prolonged seizures caused
by hyperthermia, modest neuronal death is found in the
immature rat hippocampus shortly after status epilepti-
cus.26–28,31,45 However, normal hippocampal morphol-
ogy or only minor atrophy is found at adulthood in these
models, even when acute cell loss occurred. Hippocam-
pal sclerosis, which refers to gross features of a hard
shrunken hippocampus,1 has not been evident. The ma-
jor finding in the present study was that neonatal rats of
either gender subject to status epilepticus induced by
intra-amygdala KA developed unilateral hippocampal
sclerosis by adolescence/early adulthood. The ipsilateral
hippocampus displayed extensive pyramidal neuron loss
in both CA1 and CA3 subfields. Hilar neurons were also
lost, whereas there was little ipsilateral cortical injury and
no contralateral hippocampal pathology. Dentate granule
neurons appeared spared, although these cells may die
via an apoptotic process and be quickly removed,26

leading to underestimates of injury to this population. The
pattern of neuron loss we observed is therefore similar,
although not the same as classical hippocampal sclero-
sis in human TLE.1,2 The CA1 subfield is often the most
damaged region in human hippocampal sclerosis and is
preferentially damaged in immature rats after pilo-
carpine-induced status epilepticus.27,28 However, CA3
and hilar damage is common to human hippocampal
sclerosis, whereas both CA3 and hilar cell loss are un-
common in the pilocarpine model in 2-week-old rats or
younger.27,28,45 We did not see the bilateral damage
reported following perforant pathway stimulation in imma-
ture rats,26 but the distribution of permanent damage is
similar to that reported for infant monkeys after status
epilepticus elicited by focal bicuculline, where there is
hippocampal atrophy featuring CA1, CA3, and hilar neu-
ron loss.46 This indicates potential clinical relevance, al-
beit recognizing there are more relevant neonatal seizure

Figure 8. Spontaneous temporal lobe seizures at adulthood in rats subject to
neonatal status epilepticus. A–E: Representative EEG traces from cortex (ctx)
and hippocampal (hip) electrodes in adult rats following intra-amygdala
injection at P10 of vehicle (A) or 2 �g of KA (B–E). A: Trace from a rat (P133)
that received vehicle at P10. B: Interictal events associated with no alteration
in behavior. C: High-amplitude, low-frequency electrographic events in hip-
pocampus and cortex associated with periods of immobility and intermittent
myoclonus. Brief (D) and prolonged (E) spontaneous electrographic seizures
(high-amplitude, high-frequency spiking) recorded in the hippocampus.
F: Representative spontaneous seizure captured in a P120 rat that received 2
�g of KA at P10 during combined intra-amygdala (amyg) and cortical EEG
recordings. The bold lines represent the period of behavioral seizure (greater
than Racine scale 3). Scale bar: voltage, 200 �V (A–F); time, 20 seconds (A–C)
and 10 seconds (D–F).
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stimuli than KA, namely anoxia or pneumococcal menin-
gitis.32,47 Other features of the model also support clinical
relevance, including the activation of a temporal lobe
structure that projects seizures to the hippocampus,
avoidance of generalized effects of systemically admin-
istered convulsants on the brain and periphery, and use
of P10 rats, which represent age equivalence to a term
newborn or infant.19,20 The pathology also closely resem-
bles the distribution of febrile seizure-induced transient
hippocampal injury modeled by 
20 minutes hyper-
themic seizures in rats of the same age.22 Thus, distribu-
tion of damage, as well as EEG and behavior after KA,
supports involvement of limbic structures. The explana-
tion for the greater hippocampal damage in this amyg-
dala onset model may be seizure intensity or duration
differences or because of focal/intracerebral versus gen-
eralized/systemic onset seizures between this and other
models.20,48 A secondary contribution of direct KA toxic-
ity cannot be completely excluded. Both intraventricular
and intrahippocampal KA cause permanent hippocam-
pal damage in rat pups.29–31 However, pathology in
those reports was mainly in the CA3 subfield. In contrast,
we found damage to CA1 and CA3 was similar, and
anticonvulsant administration could reduce seizures and
cell death in the model. Acute cell death was also evident
distant to the injection site within the ipsilateral ventral
hippocampus. Taken together, the present study indi-
cates that hippocampal damage from early-life seizures
in rats can closely approximate the pattern and scale of
hippocampal sclerosis seen in some patients.

Several ancillary features of human hippocampal scle-
rosis were present in rats at adulthood in the model. This
included unilateral hydrocephalus ex vacuo, presumably
formed as a consequence of the atrophied hippocam-
pus. Astrogliosis was also present in the sclerotic hip-
pocampus, a stereotyped and proportional response to
neuronal damage that may have a causal role in epilep-
togenesis.49 The changes to NPY expression and local-
ization indicated possible axonal or synaptic reorganiza-
tion. This may be consistent with mossy fiber sprouting

seen in some immature seizure models.27,30,46 Of note,
status epilepticus after pilocarpine in immature animals
only results in mossy fiber sprouting at the age when
vulnerability to seizure damage is manifest.27 Our data
showed the changes were most prominent in CA3 and
the hilus, suggesting neuronal death as a factor. Mossy
fiber sprouting is implicated in the formation of epileptic
circuits, although this has been questioned by short la-
tent periods in some animal models and the occurrence
of spontaneous seizures in animals without mossy fiber
sprouting.50 Whether NPY changes also occur second-
ary to epileptic seizure effects is possible but not ad-
dressed presently. Granule cell layer widening was also
evident in rats that developed hippocampal sclerosis
after neonatal status epilepticus, and similar morphology
is evident after status epilepticus in infant monkeys.46

This may indicate granule cell layer dispersion, which is
sometimes present in hippocampi from patients with
TLE,4 and a morphological feature possibly unique to
epilepsy.51 However, the granule cell layer changes were
less dramatic than the dispersion seen in certain adult
models44 and an effect of compression-related changes
in the present model cannot be excluded. Although the
functional significance of granule cell layer and NPY
changes are not fully understood, these data establish
multiple pathological hallmarks of hippocampal sclerosis
develop in this model.

Severance of afferent pathways to the hippocampus
causes numerous cell and molecular alterations, includ-
ing neuronal loss, synaptic rearrangement, and glio-
sis.52,53 Because the present model featured injury to the
ipsilateral amygdala, input to the developing hippocam-
pus is likely to be affected. However, major deafferenta-
tion-induced hippocampal atrophy can probably be ex-
cluded because i) lesions of the neonatal rat amygdala or
entorhinal cortex by other methods do not result in hip-
pocampal atrophy,54,55 and ii) the hippocampal neuron
loss at adulthood was of similar extent to the degenera-
tion already apparent at P13.

Figure 9. MRI confirmation of hippocampal scle-
rosis in epileptic rats at adulthood. A: MRI scan
(7T) at the level of dorsal hippocampus of an
epileptic rat at P150 that underwent neonatal status
epilepticus, in which unilateral hippocampal
sclerosis is evident (arrow). Asterisk denotes
signal from hypertrophied ventrical. B: MRI from
same epileptic rat in A at a more ventral level. C:
Corresponding histology from the imaged ani-
mal with same features denoted. D: Imaged sep-
arate epileptic rat confirming interanimal simi-
larity in sclerosis as resolved by MRI. Bar in A
and B, 1 mm; in C and D, 0.75 mm.
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TLE develops in a subpopulation of children who ex-
perience early-life prolonged seizures,3 and this is also
seen in rats subject to neonatal status epilepticus.47

However, TLE development is not more common in im-
mature seizure models where minor permanent hip-
pocampal injury is incurred than where absent.27,34–36,56

Thus, the influence of neuronal death for such epilepto-
genesis is questionable. In the present study, neonatal
status epilepticus led to development of TLE. The hip-
pocampus was recruited during these spontaneous sei-
zures, although the site of ictogenesis may lie elsewhere
because clinical signs of seizures often slightly preceded
the electrographic bursts in the hippocampus. Similar
minor temporal dissociation of behavior from hippocam-
pal electrographic events has also been reported in rats
that developed epilepsy after prolonged febrile seizures
at P10.36 Although there was secondary generalization of
some seizures, electrographic features on cortical EEG
were typically subdued, which is noted in other models
where seizures are limbic in semiology.36

The proportion of rats that developed epilepsy in our
study was somewhat higher than those found in several
previous models where damage was minimal.27,35,36,56

True epileptic seizure rates are almost certainly �64%
because hippocampal epileptiform events were present
in 91% of the rats, and our noncontinuous sampling was
during the daytime, which can underestimate incidence.36

The duration of spontaneous seizures was also greater
than those ictal manifestations reported in other mod-
els.35,36 Taken together, these data imply a significant
influence of pathology on epileptic phenotype. Confirm-
ing this, we found both the incidence and duration of
epileptic seizures was a function of hippocampal pathol-
ogy: rats with greater hippocampal atrophy had more
frequent and longer-lasting epileptic seizures.

The amygdala is often implicated in generation and
spread of epileptic seizures in experimental and human
TLE.57 Here, we detected amygdala involvement in spon-
taneous seizures at adulthood. Surprisingly, gross pa-
thology was not present in epileptic rats at the site of
these recordings (level of dorsal hippocampus), although
amygdala damage was found at the injection point. Thus,
in contrast to the hippocampus, a causal link between
amygdala pathology and epileptogenesis is uncertain in
this model. Indeed, the relationship between amygdala
pathology and TLE remains incompletely understood.57

Notably, TLE can develop following neonatal seizures in
models with transient but no permanent amygdala dam-
age.36 Our findings also suggest spontaneous seizures
are minimally or nonharmful to the amygdala. The rather
modest pathology at the amygdala injection site at adult-
hood contrasts the hippocampal changes, supporting
differences in vulnerability to KA/seizures and effectiveness
of repair or proliferation mechanisms between these brain
regions.37,58–61 Ultimately, multielectrode depth record-
ings, perhaps combined with tracking neuronal activation
by molecular markers, may enable us to determine whether
this or another region of the amygdala, the hippocampus, or
other structure(s) is the site of ictogenesis.

If hippocampal or other damage and epileptic pheno-
type are causally related, this would support adjunctive

neuroprotective treatment for early-life status epilepticus.
Prompt seizure termination in patients is paramount dur-
ing episodes of status epilepticus, but concerns remain
over aggressive use of anticonvulsants in young chil-
dren.62 In addition to respiratory depression, anticonvul-
sants may also induce apoptosis in the developing
brain.63 These issues, and recent evidence that neuro-
protection in adult mice subject to status epilepticus sig-
nificantly reduced epileptic seizure number,64 strengthen
a case for neuroprotection. A range of molecular targets
may now warrant appraisal in the present model, and
findings may also bear relevance to hippocampal scle-
rosis following early-life trauma-induced brain injury.65

Finding that hippocampal sclerosis was evident by MRI
offers noninvasive approaches to monitoring pathogene-
sis and disease-modifying effects of potential treatments.

In summary, the present data demonstrate that exper-
imental status epilepticus in neonatal rats can cause
sufficient damage that the hippocampus develops a
broad spectrum of pathological changes meeting a def-
inition of hippocampal sclerosis. The rats also developed
TLE. Although prolonged seizures in infants and children
do not inevitably result in hippocampal sclerosis or
TLE,3,33 the present animal data offer a potential onto-
genic explanation for those clinical findings which have
linked early-life seizures to development of hippocampal
sclerosis and TLE in later life. These findings may also
have clinical implications for treatment of status epilepti-
cus in young children and infants and for approaches to
mitigation of TLE.
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