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1. ABSTRACT

We have recently demonstrated immediate 
epileptogenesis in the C57BL/6J mouse, the strain that 
is resistant to kainate-induced neurotoxicity. By using 
a repeated low dose of kainate, we produced mild and 
severe status epilepticus (SE) models. In the present 
study, we demonstrate the impact of mild and severe 
SE, and spontaneous convulsive/nonconvulsive seizures 
(CS/NCS) on structure and function of the hippocampus, 
entorhinal cortex, and amygdala at 7, 14 and 28  day 
post-SE. Immunohistochemistry (IHC) of brain sections 
confirmed reactive astrogliosis and microgliosis, 
neurodegeneration, and increased neurogenesis in both 
groups. The epileptiform spike rate was higher in the 
severe group during first 12  days, but they decreased 
thereafter. Morris water maze test confirmed cognitive 
deficit in both mild and severe groups at 12d post-SE. 
However, MRI and IHC at 18 weeks did not reveal any 
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changes in the hippocampus. These findings suggest 
that in C57BL/6J mice, immediate spontaneous CS could 
be responsible for early brain pathology or vice versa, 
however, the persistent spontaneous NCS for a long-
term had no impact on the brain structure in both groups.

2. INTRODUCTION

The C57BL/6J mouse is genetically resistant 
to kainate-induced acute neurotoxicity (1-4), which 
limited the opportunity for researchers to use this strain 
of mouse as a model of chronic epilepsy. The C57BL/6J 
mouse also serves as a background strain in the 
production of certain transgenic mice used in epilepsy 
research. Therefore, C57BL/6 wild-type mice would be 
the most appropriate critical control for such studies. The 
C57BL/6J strain, as an acute model of status epilepticus 
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(SE), also had several disadvantages such as high 
mortality rate and a huge variability in seizure response 
to chemoconvulsants, especially for kainate (4-7). We 
have recently addressed these important issues in the 
C57BL/6J mice by administering repeated low dose 
of kainate (5  mg/kg, i.p. at 30  minutes intervals) until 
they reached stage-3 or -5 seizures (8, 9). This method 
yielded consistently mild (stage-3) or severe (stage-5) SE 
in greater than 92 percent of the mice and the SE could 
last for about 2 hours with less than 7 percent mortality 
rate (9). Importantly, irrespective of mild or severe SE, 
this method of inducing SE with kainate also caused 
immediate epileptogenesis in the C57BL/6J mice (8).

The conventional histological methods such as 
cresyl violet, hematoxylin and eosin, and fluoro-jade B 
(FJB) staining of brain sections at early time points (less 
than or equal to 7 day post-SE), induced by kainate, in 
the C57BL/6J mouse models produced mixed results 
with respect to neurodegeneration in the epileptic foci 
of the brain (2-4, 6, 7). Perhaps, these observations 
led to a belief that these mice are unlikely to develop 
epilepsy due to lack of a significant number of neuronal 
cell loss in the epileptic foci of the brain, unlike in the 
rat kainate models (10-13). In addition to hippocampal 
neurodegeneration, subtle changes in the neuronal 
population in the hilus and the subgranular zone of 
the dentate gyrus, reactive gliosis in the hippocampus 
and in other epileptic foci, and neurogenesis and 
aberrant migration of neuroblasts, could all contribute to 
epileptogenesis (14-20). The other reason for the dearth 
of reports on immediate epileptogenesis in C57BL/6J 
mice is inadequate seizure monitoring (21-25). Using 
continuous (24/7) remote video-EEG telemetry system, 
we have recently demonstrated that repeated low dose 
of kainate injection method induces consistent mild or 
severe SE (9), and immediate epileptogenesis in the 
C57BL/6J mice (8). The unique feature of this model 
is that the maximum numbers (27 plus or minus 4) of 
spontaneous convulsive seizures (CS) were observed 
during the first 4-6  weeks of the SE, in the severe 
SE group, and they decreased thereafter to less than 
5 seizures/month for up to 18  weeks (the maximum 
recording period) (8). The mild SE also induced immediate 
epileptogenesis but the numbers of spontaneous CS 
were less than 5 episodes during the first 4  weeks of 
the SE and 1 or 2 seizure/month was observed during 
the remaining recording period. Interestingly, the 
numbers of spontaneous electrographic NCS were 
about 20 per day/night cycle in both the severe and the 
mild SE groups throughout the 18  weeks period (8). 
Based on these observations, our hypotheses were 
that i) the severity of the SE will induce hyperexcitability 
of neurons (increased spike rate), reactive gliosis and 
neurodegeneration in the epileptic foci of the brain, and 
will also increase neurogenesis in the dentate gyrus 
to cause spontaneous CS and NCS during the first 
4 weeks ii) these changes in the hippocampus will lead 

to cognitive dysfunction during this period, and iii) these 
changes will begin to decrease by 4 weeks to promote 
recovery from spontaneous CS. In this study, we tested 
these hypotheses to understand some of the plausible 
neurobiological reasons for spontaneous CS and 
recovery. We compared the elements of epileptogenesis 
such as EEG correlates, reactive astrogliosis and 
microgliosis (using glial fibrillary acidic protein (GFAP) 
and ionized calcium binding adaptor molecule 1 (IBA1), 
neurodegeneration (FJB + neuronal nuclear antibody, 
NeuN) and doublecortin (DCX) immunostaining (to label 
neuroblasts, an indicator of neurogenesis) at 7, 14 and 
28 days post-SE. In addition, the impact of immediate 
epileptogenesis on their cognitive function was assessed 
using the Morris water maze test. At 18 weeks, the mice 
were subjected to MRI prior to euthanasia and the brains 
were processed for histology. The findings from these 
studies are presented and discussed.

3. MATERIALS AND METHODS

3.1. Animal source and ethics statement
The C57BL/6J male mice, 7-8 weeks old, were 

purchased from the Jackson Laboratory, ME, USA and 
maintained under controlled environmental conditions 
(19oC – 23oC, 12h light: 12h dark), with ad libitum 
access to food and water in the Laboratory of Animal 
Resources at ISU. All experiments were carried out in 
accordance with the Institutional Animal Care and Use 
Committee, ISU, USA (protocol no.  10-12-7446-MR). 
The surgery was performed under isoflurane anesthesia 
and aseptic conditions. Appropriate postoperative care 
was undertaken to minimize pain and discomfort to 
animals.

3.2. Chemicals and reagents
Kainate (Abcam, USA) was prepared fresh in 

sterile distilled water at a concentration of 2mg/ml. For 
perfuse fixation we used: phosphate buffered saline 
(PBS, all chemicals from Sigma, USA), sodium sulfide 
perfusate solution in deionized water (48.3 mM sodium 
sulfide nonhydrate, Sigma, USA; 87mM sodium 
phosphate monobasic monohydrate, Fisher Chemicals, 
USA), and 4 percent paraformaldehyde (PFA, Acros 
Organics, NJ, USA). The primary antibodies and 
concentration used were as follows: NeuN (1:400, rabbit, 
EMD Millipore, USA); IBA1 (1:500, goat, Abcam, USA); 
GFAP (1:400, mouse, Sigma, USA); DCX (1:500, goat, 
Santa Cruz, USA). Appropriate secondary antibodies 
tagged with fluorescent dyes (CY3 1:300 or FITC, 1:100) 
or biotinylated antibodies (1:500) or 4’, 6-diamidino-2-
phenylindole (DAPI at 0.0001 percent) (all from Jackson 
ImmunoResearch Laboratories, USA) were used. The 
chemicals used for preparing the diluting solution in PBS 
for antibodies (0.1 percent Triton X-100, 2.5 percent 
donkey serum and 0.25 percent sodium azide) were 
purchased from Sigma, USA. The fluorochrome 
conjugates of streptavidin were diluted in PBS alone.
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3.3. Mild and severe SE induction with kainate 
and the experimental groups

We used 70 male mice in this study. Six mice 
received no drug and they served as control for all time 
points for immunohistochemistry (IHC) and another 
16 mice were used as control for Morris water maze. 
Further 8 mice were implanted with radiotelemetric 
device for continuous (24/7) video-EEG recording for 
18 weeks, and for MRI, after the induction of SE with 
kainate. Four mice were used for sham surgery for 
MRI study. The remaining 36 mice, including the mice 
that were implanted with the radiotransmitter, were 
administered a low dose of kainate (5mg/kg, i.p.) which 
was repeated at 30 minutes intervals to induce mild or 
severe SE as described previously (8, 9). The seizures 
during the SE were classified as nonconvulsive seizures 
(NCS; Racine scale/stage-1 and  -2) or CS (Racine 
scale/stage 3-5). The behavioral seizure quantification 
during the SE, video-EEG recording procedures, and 
EEG analyses to detect spontaneous behavioral CS 
and electrographic NCS have been described in our 
recent publication (8).

All the mice that received kainate, irrespective 
of the dose, had continuous stage 1 or 2 seizures (NCS) 
for greater than 40  minutes. Since C57BL/6J mice 
response to KA is highly variable, we titrated each mouse 
with repeated low doses for the development of mild 
or severe seizures (9). Our previous studies from the 
C57BL/6J mice have shown that there was no correlation 
between the doses of KA and the severity of the SE or 
epileptogenesis or frequency of spontaneous recurrent 
CS (8, 9). To classify them as mild or severe SE group, 
we considered total duration of the CS stages during the 
2h established SE (8, 9). All those mice that experienced 
stage-3 seizures (rearing and forelimb clonus) for less than 
10 minutes were considered as the mild SE group. These 
mice never reached stage 4 or 5 seizure. The severe SE 
group had several episodes of stage 3-5 seizures (rearing 
and continuous forelimb clonus, repeated rearing and 
falling, tonic clonic seizures including wild running and 
jumping) for greater than10 minutes (8). The behavior of 
all animals during the period of SE was video recorded 
and further verified to score offline for the severity of the 
SE by two more personnel who were unaware of the 
experimental groups. The telemetry mice were video-EEG 
recorded continuously for up to 18 weeks to identify the 
spontaneous CS and electrographic NCS as described 
previously (8). These experiments were done in parallel 
with the mild and severe SE group mice that were not 
implanted with the radiotransmitter. The telemetry mice 
and four surgery control (sham) mice were euthanized 
at 18  week, after acquiring MRI images, by perfusion 
fixation with sodium sulfide and paraformaldehyde under 
terminal anesthesia with an overdose of pentobarbital 
sodium (100  mg/kg, i.p.). The remaining mice were 
euthanized similarly at 7, 14 and 28 days post-SE. During 
the course of the experiments, the mice were subjected 

to Morris water maze to investigate the impact of seizures 
on their cognitive function.

3.3.1. Cortical EEG acquisition with continuous 
video EEG monitoring and analysis

The mice were implanted with a telemetric 
radiotransmitter (Physiotel and Multiplus ETA-F20, Data 
Science International (DSI), MN, USA), subcutaneously, 
8–10  days before the induction of SE with KA. The 
electrodes were placed bilaterally on the cortical 
dura mater through the burr holes (2.5  mm caudal to 
Bregma and 2  mm lateral to the midline) as described 
previously (8, 9). The EEG acquisition (Dataquest ART) 
and analysis were carried out using NeuroScore (DSI) 
software. The post-SE EEG signals were normalized 
with the baseline EEG from the same mouse. The 
epileptiform spikes, the normal baseline spikes, and 
the spikes due to electrical or mechanical artifacts were 
distinguished based on individual spike characteristics 
such as amplitude, duration, frequency, and inter-spike 
intervals (9). We have previously described different 
types of epileptiform spikes and CS in this model (8). The 
raw EEG signal, after manually excluding artifacts, was 
split into 10 s epochs for fast-fourier transformation (FFT) 
to generate power bands. The spontaneous recurrent 
CS were identified based on the EEG, power spectral 
characteristics, and video recordings for behavior (8). 
The mean plus/minus standard error values were pooled 
from 10 s epochs for spike counts, the average spike 
frequency per day was calculated for the first four weeks 
of post-SE, and the values were compared between the 
mild and the severe groups using two-way analysis of 
variance (ANOVA).

3.4. Morris Water Maze test and quantification
3.4.1. Fixed platform cue learning in Morris 
water maze

We used Morris water maze to evaluate the 
hippocampal dependent spatial learning and reference 
memory (27, 28) for mice that had mild or severe SE 
to test the effects of seizures on spatial navigation. 
The apparatus consisted of a galvanized stock tank 
of 1.15 meters in diameter filled with clear tap water 
maintained at room temperature before starting the tests. 
A  clear circular plexi glass cylinder with a diameter of 
11.2 cm was used as a platform. Two identical cues were 
used in this study: one cue was positioned directly above 
the platform zone (referred as “right cue”) and the second 
cue was positioned in the zone without platform (referred 
as “false cue”). Both cues were placed constantly at 
the same place throughout all the trials. Both cues 
were raised 15  cm above the water level to maintain 
visibility for the swimming mice. A non-toxic white colored 
tempera paint was used to make water opaque to mask 
the platform during the submerged trials. When the 
platform was submerged, it was 1  cm below the water 
level, sufficient for mice to stand and raise above the 
water level. The mice were trained or tested at a fixed 
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time during the day. Five trials were conducted per day 
during training and each mouse had at least a 30-45 min 
gap between trials in a single day. The mice had the 
same starting position for each trial during the training 
period or submerged trials and later, the starting position 
was randomized for the subsequent trials on that day. 
A  single probe trial was performed keeping a constant 
starting position for all mice. The mice were constantly 
monitored during the experiments. The video acquisition 
and analysis were performed using Any-Maze software 
(Stoelting Company, USA). For those mice which were 
unable to identify the platform within a minute were gently 
placed on the platform for 30 seconds after each test.

3.4.2. Training
The three groups of mice, 16 mice from the 

control group and 6 mice each from the mild and the 
severe SE groups, were trained for 5 days in Morris water 
maze. The training was started at 7d post-SE (day 1) to 

test the effects of seizures on learning and memory. On 
day 1, the mice were trained to identify the exposed 
platform (0.5 cm) above the water level. Five trials, each 
trial lasting for one minute, were performed per mouse on 
day 1. “The right and the false cues” were presented at 
the same position at all times in the clear and transparent 
water during the training period. These zones (true and 
false platform zone) had a diameter equivalent to the 
diameter of the plexi glass platform was considered for 
time spent during average of 1minute trials (Figure 11C). 
The training was repeated on day 2 (i.e., 8d post-SE) but 
with the platform was submerged under the clear water. 
From day 3 to 5 (i.e.,  9-11d post-SE), the mice were 
trained similarly but in the opaque water to identify the 
submerged platform, as did on the day 2 training. The 
right and the false cues were maintained at the same 
position as in day 1 and 2 training. We chose 8 random 
starting points (such as east, west, north, south, north-
east, north-west, south-east, south-west) around the 

Figure 1. The method to sample the coronal brain sections, at 225 micrometer intervals, to represent the hippocampus from rostral to caudal for cell 
quantification. The 15µm serial sections (starting from rostral most part of the hippocampus- approximately at -1.1.8mm from Bregma, about 120 sections 
per mouse brain) were thaw mounted onto 30 slides sequentially in four rows starting from slide 1 to 30, as shown in the schematic diagram. The first 
30 sections were placed on the first row of each slide serially followed by the 2nd, the 3rd and the 4th row. This method of sampling yielded sections on a 
single slide, separated by 450µm apart between sections, with a representative regions of the hippocampus, the entorhinal cortex and the amygdala from 
rostral to caudal. For example 1st and 31st sections, on the slide 1 are 450 micrometer apart represent the anterior region, the 61st section on the same 
slide represents the middle region, and the 91st section represents the posterior region of the hippocampus. A panel of photomicrographs of histology 
sections stained with cresyl violet and their approximate location from the Bregma is given on the left side of the images. For immunostaining, at least two 
slides (for example, slide 1 and 16) were selected in such a way that the gap between the corresponding sections on each slide is about 225 micrometers. 
For example, the distance between the 31st section on the slide number 1 and the 46th section on the slide number 16 is 225 micrometers. The immuno-
positive cell counts were carried out on all 8 sections bilaterally from two slides per animal and the average number of immuno-positive cells were 
calculated per animal. Scale bars, all 100 microns. 
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periphery of the tank during the training period as did on 
the day 1.

3.4.3. Probe trial
A single probe trial of one minute/mouse was 

performed on day 6 (12d post-SE) in opaque water. The 
platform was removed but the right and false cues were 
left at the same position. A random starting position was 
selected for the mice for the probe trial too, and they 
were allowed to swim for one minute to identify the right 
or false cues. The amount of time spent (in seconds) 
during the one minute probe in the “right cue zone or true 
platform zone” and the “false cue zone or false platform 
zone” were calculated for each moue. Any-Maze mice 
tracking software was used to calculate the time spent 
by each mice (in seconds) at the right cue or false cue 
zones during training periods (average values of all trials 
conducted per day) or during single probe trial. Since we 
chose random starting points for training and probe trials, 
we did not consider the path efficiency parameter in this 
study. Prior to the second probe trial on day 20 post-SE, 
the mice were re-trained on day 19 in the submerged 
platform (1 trial in clear water and 4 trials in opaque 
water). The results were recorded and quantified as we 
did for the previous trials.

3.5. MRI and quantification
T2-weighted MRI scans of coronal and horizontal 

planes were acquired from the sham control and epileptic 
mice, at 18 weeks post-SE, under isoflurane anesthesia 
using a small bore MRI system (Varian Unity/Inova 
4.7. T, Varian Inc. CA) at the University of Iowa. The slice 
thickness (spacing) for imaging was 300 microns and 
had a depth of 16 bit. The images were analyzed using 
image-J (29). The ratio of area in pixels outlining both 
hippocampi with their respective cortex were determined 
for each sections to analyze the volume changes. The 
ratio of the area of the hippocampi to the cortex was 
determined for each coronal section of the MRI image 
of a mouse. An average ratio of the hippocampi to the 
cortex for each mouse was determined. The changes in 
the average ratios between the control mice, the mild SE 
and the severe SE groups were compared using Mann-
Whitney test.

3.6. Tissue processing for histology and IHC
The brains were collected soon after perfuse 

fixation, post-fixed with 4 percent PFA for 4h at 4oC, and 
were gelatin-embedded as described previously (30, 31). 
The coronal sections (15µm) were cut on a cryostat 
(Cryostar NX70, ThermoScientific, MA, USA), and thaw-
mounted sequentially onto chrome-alum-gelatin coated 
slides in such a way that each slide had four sections, 
450µm apart, to represent the hippocampus, entorhinal 
cortex and amygdala from rostral to caudal aspect. 
This method of sampling for rat hippocampus has been 
described previously (32). A  modified version of tissue 
sampling for mouse brain, to obtain sections at 225µm 

intervals, and slide selection for quantification after 
immunostaining are illustrated in the Figure 1.

The brain sections for NeuN, GFAP, IBA1 
and DCX were processed for double or triple IHC as 
described previously (31). Omission of primary antibody 
step served as a negative control for all antibodies, while 
morphology of neurons and their known location or glial 
cells morphology served as internal positive controls 
(e.g. profusely branched astrocytes irrespective of their 
reactive or normal state for GFAP; pyramidal neurons in 
CA regions of the hippocampus and granule cells of the 
dentate gyrus for NeuN). Following overnight incubation 
with the primary antibodies at 4oC, the sections were 
washed with PBS and treated with appropriate secondary 
antibodies (biotinylated or CY3/FITC conjugated) for 1h 
at room temperature. After further washes, the sections 
that were incubated with the biotinylated anti-species and 
later treated with streptavidin-CY3  (1:300 for CY3 and 
1:100 for FITC, Vector Laboratories, USA) for 1h, washed 
thoroughly in PBS, rinsed in distilled water to prevent 
salt crystal deposits on sections, and cover-slipped with 
vectashield-with DAPI® (Vector Laboratories, USA). The 
sections were viewed under the Zeiss inverted microscope 
(Axiovert 200) and photographed with Hamamatsu 
digital camera (Model C-10600-10B) using HCImage 
live (version  4.1.2.) software. For cell quantification, 
photographs were taken at 20x magnification (10x for 
Figures) keeping exposure time constant for all images.

In order to identify degenerating neurons in the 
hippocampus, the entorhinal cortex, and the amygdala 
the brain sections were processed for NeuN and FJB 
double staining. The sections were first stained for NeuN 
antibody as described above. Later, these sections were 
processed for FJB staining using a modified protocol 
from previously published method (11, 33-35). The 
sections on the slides were rehydrated sequentially in 
descending grades of ethanol starting with 100 percent 
for 3 min, followed by a 1 min each in 70 percent ethanol 
and distilled water. The slides were then transferred 
to 0.06 percent potassium permanganate solution for 
10 min with slow shaking. After rinsing with distilled water 
for 1  min, the slides were transferred to 0.004 percent 
FJB (Histo-Chem Inc., AR) in 0.1 percent acetic acid for 
30 min with slow shaking in dark. The sections were later 
rinsed three times in distilled water and air dried in dark 
for 4h. Later the sections were dehydrated in ascending 
grades of alcohol, cleared in xylene, and mounted with 
distyrene plasticizer xylene (DPX, Electron Microscopy 
Sciences, PA) or acrytol (Surgipath, Leica biosystems, IL) 
mounting medium.

3.6.1. Immunopositive cell quantification
Procedure for cell counting has been described 

in our previous publications (30, 31, 36). ImageJ 
software (29) was used to measure the counting area 
(square microns) and the person counting cells was blind 
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to the experimental groups. The cell counting area from 
each section was kept constant for all the experimental 
groups and controls. Bilateral counts were made from 
a minimum of eight sections per animal as described 
previously (30-32). The NeuN was used to mark neurons 
and the average number of neurons expressing FJB in 
each region was calculated. Microglia (IB1A), astrocyte 
(GFAP), and neuroblast (doublecortin (DCX)) cell 
markers were counterstained with DAPI and only those 
cells positive for cell marker and with a visible nucleus 
were counted from CA regions of the hippocampus, the 
dentate gyrus, the entorhinal cortex and the amygdala. 
The normal and reactive glial cells were distinguished 
based on their morphology.

3.7. Statistics
The average (mean plus/minus standard error) 

numbers of immuno-positive cells from 8 sections from 
2 slides containing anterior, middle and posterior regions 
of the brain were calculated for each mouse within the 
group. To derive statistical differences (p less than 0.05) 
between the groups, Mann-Whitney test was applied. 
Likewise we compared the group performance in Morris 
water maze, and volumetric parameter from MRI images.

4. RESULTS

4.1. The epileptiform spike rate and the 
frequency of spontaneous CS increase with 
the severity of SE during the first two weeks 
after the SE

As described previously, the behavioral 
cumulative seizure severity index during the SE was 
used to classify the mice as the mild or the severe 
SE group (8, 9). Our previous studies have demonstrated 
that both mild and severe SE induce immediate 
epileptogenesis, however the only difference was that the 
severe group experienced more numbers of spontaneous 
recurrent CS during the first four weeks of the SE (8). We 
further extended this study to quantify and compare the 
epileptiform spiking during the first four weeks between 
the two groups. Following termination of the behavioral 
SE with diazepam, no behavioral seizures were observed 
during the first 18 hours, however the electrographic NCS 
and epileptiform spiking continued to persist (Figure 2). 
The spontaneous behavioral CS and electrographic 
NCS, and interictal epileptiform spikes were present 
throughout the 28  days in all the mice irrespective of 
the severity of SE. There were about 16 plus or minus 3 
(Mean plus or minus SEM) spontaneous CS in 4 weeks 
in the severe group and about 4 plus or minus 1 in the 
mild group. The spike frequency per minute (spike rate) 
was significantly higher in the severe group during the 
first 12 days post-SE when compared to the mild group 
(Figure  3, p=0.0007, Two-way ANOVA, F=11.89 with 
1-140 degrees of freedom). However, after the day 12 the 
spike frequency was less than 5 spikes/minute in both 
groups.

4.2. Electrographic features of epileptogenesis: 
Characteristics of post-diazepam EEG, pre-, 
post-, inter-ictal spikes, and NCS clusters 
during the first two weeks of post-SE

In the mild or the severe SE group, after 
diazepam administration, the behavioral seizures 
stopped. The electrographic seizures persisted although 
the amplitude of the epileptiform spikes reduced briefly 
(Figure 2B, a) during the first 20-30 minutes and reached 
the basal level by 16h (Figure  2A). We classified the 
non-convulsive interictal spikes and or episodes, and 
convulsive episodes based on the individual spike 
characteristics observed during the SE (8, 9). After the 
first 3h post SE, the high amplitude epileptiform spikes 
(predominantly stage-2 spikes) began to appear in trains 
lasting for 15-30 minutes with an interspike intervals of 
0.3-3 seconds (0.3-3 hertz, Hz, Figure 2B, a). The stage-2 
spike trains started clustering by 6 hours (Figure 2B, c). 
Thereafter, stage-1 epileptiform spiking (0.2  -0.6  Hz) 
emerged along with stage-2 spike activity (Figure 2B, d). 
Later, stage-1 started to appear independently as “a 
string of pearls” referred to as stage-1 non-convulsive 
episodes (Figure 2B, e). The spiking pattern subsequently 
developed into a high amplitude stage-2 non-convulsive 
episodes with an increase in their duration (15-25s 
episode duration, Figure  2B, f). By 7d post-SE non-
convulsive episodes gradually evolved to culminate in 
stage-3 CS episode (Figure  2B, g). By 14d post-SE, 
several stage-3 convulsive episodes occurred before the 
stage-5 CS episode (Figure 2B, h).

4.3. Impact of epileptiform spiking and 
spontaneous CS on brain pathology at 7, 14 
and 28 day post-SE

We quantified reactive gliosis to investigate 
time-dependent effects of the mild and the severe SE in 
the hippocampus, entorhinal cortex, and amygdala at 7, 
14, and 28 days. Reactive astroglia and microglia were 
identified based on IHC using GFAP and IBA1 as cell 
markers for astroglia and microglia cells, respectively. 
The reactive astrocytes were characterized by thick 
cytoplasmic processes with intense GFAP staining 
(Figure 4). We have previously shown that both reactive 
astrogliosis and microgliosis occurs as early as three 
days post-SE in the C57BL/6J mouse kainate model (31). 
The reactive astrogliosis and microgliosis were found in 
and around the cornu ammonis-3 (CA3) region of the 
hippocampus at 3d post-SE (31). In the present study, 
a similar pattern but more diffused reactive astrogliosis 
was observed in all CA regions of the hippocampus, the 
hilus and the molecular layers of the dentate gyrus at 
all the time points (Figures  4). There was a significant 
increase in reactive astrogliosis in both the mild and the 
severe SE groups at 7 day when compared to the control 
in CA1, CA3 and dentate gyrus (Figure 4B, p less than 
0.05, Mann-Whitney test). Further, severe SE group had 
significantly higher numbers of reactive astroglia cells at 
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both 7d and 14d time points when compared to the mild 
SE group (Figure  4B, p less than 0.05, Mann-Whitney 
test). Likewise, reactive astrogliosis was also observed in 
the entorhinal cortex and the amygdala (Figure 5; p less 
than 0.05, Mann-Whitney test, n=5).

The reactive microglia cells were also quantified 
based on their morphology. They were hypertrophic 
and had a few thick but short cytoplasmic processes 
resembling pseudopodia and often amoeboid with 
several nuclei (Figures 6A and B) (37, 38). The reactive 
microglial cells were concentrated in and around the 
pyramidal cell layers in the CA3 and CA1 regions more 
frequently in the severe group than in the mild group at 7d 
post-SE (Figures 6A and B). In the severe SE group, the 
microglial cells were large and contained several nuclei 
suggesting their phagocytic nature, and their processes 

were frequently found to surround the NeuN positive cells 
(Figure 6B, iii, Z). The number of NeuN positive cells were 
fewer around the vicinity of the reactive microglial cells 
at 7d post-SE (Figure  6B, Z). The reactive astrocytes 
were also frequently found in the stratum pyramidale 
where the neurons were missing (Figure 6B, W, Z). The 
reactive microglia counts were also higher in the severe 
SE group than in the mild SE group at 7d, but not at 14d 
time point (Figure 6C, p less than 0.05, Mann-Whitney 
test). A similar pattern of increased reactive microgliosis 
at 7d post-SE was also observed in the entorhinal cortex 
and the amygdala (Figure 7).

Overall, the reactive astroglia and microglia 
cell counts significantly reduced in both the severe and 
the mild groups after 7d time points in the hippocampus 
(p< less than 0.05, Mann-Whitney test, n=5), the 

Figure 2. Representative EEG traces from a severe group mouse after terminating the behavioral SE with diazepam, and during the first 14 days of 
post-SE period. Each EEG trace in panel A represents 20min of duration. The panels in B represent the expanded 2 min EEG traces shown in the boxes 
in A. The black bars below the EEG traces in B is further expanded as 5second traces in C. The SE was terminated by diazepam 2h after the onset of 
stage 3 (mild) or stage 5 (severe) seizure and dextrose normal saline injection was given thereafter. Although behavioral seizures stopped, epileptiform 
spikes continued to occur. These spikes organized into distinct patterns during epileptogenesis before developing into spontaneous recurrent convulsive 
seizures by 7d (stage-3) and by 14d (stage-5). The electrographic events during epileptogenesis include: (i) a transient decrease in the amplitude of 
epileptiform spiking soon after the diazepam injection (seen in trace ‘a’) (ii) initiation of newly formed epileptiform spike trains (seen in the trace ‘b’) (iii) 
progression of spike trains into spikes clustering (seen in the traces ‘c’ and ‘d’) leading to evolution of spontaneous recurrent NCS (as seen in the trace 
NCS stage-1 in ‘e’ and NCS stage-2 in ‘f’). (iv) first spontaneous recurrent CS (stage 3, seen in the trace ‘g’) occurred on day 7, and (v) after several 
episodes of stage 3 CS, a first spontaneous recurrent CS stage-5-5 developed (as seen in the trace ‘h’). 
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Figure 3. Comparison of the average epileptiform spike frequency in 1 day epochs during the first four weeks after the SE in the mild and the severe 
groups. A. The severe SE group had a higher spike frequency during the first 12 days and reached to the same level as the mild group thereafter 
(p=0.0007, Two-way ANOVA, F=11.89 with 1-140 degrees of freedom, n=4). A bar graph above shows the number of CS episodes/day in mild (n=4) and 
severe (n=4) SE groups. B. An inset bar graph showing a  significant difference between the amount of kainate  received by the mild and the severe SE 
groups (p=0.0.001, n=16 each, Mann-Whitney test) to achieve stage 3 or stage 5 seizures, respectively, during the SE. On an average, the mild SE group 
mice required 3 doses of 5mg/kg to achieve stage less than or equal to 3 seizures, while the severe group required 4-5 doses to achieve stage-5 seizures.  

Figure 4. Reactive astrogliosis in the severe and the mild SE groups at 7d, 14d and 28d time points in CA3 region of the hippocampus. A. 10x magnified 
photomicrographs showing GFAP positive astrocytes (green; DAPI for nucleus, blue). Representative magnified images of normal (boxed in the panel 
3Ai, marked as Y) and reactive astrocytes (boxed in the panel 3Av, marked as Z) are shown separately (Y and Z). Scale bars, all 100 microns. B. The 
reactive astrocytes in and around the stratum pyramidale were counted from CA regions of the hippocampus and the dentate gyrus at all three time 
points. There were significantly higher numbers of reactive astrocytes in the severe SE group at 7d and 14d post-SE when compared to the mild SE and 
the control groups (n=4 each, *p=0.029 control vs 7d mild, *p=0.029 control vs 7d severe, *p=0.028 mild vs severe 7d groups, *p=0.0294 mild vs severe 
14d groups, Mann-Whitney test). There was significant reduction in reactive astrogliosis in the severe group from 7d to 28d time points (*p less than  0.05, 
severe 7d vs 14d and  7d vs 28d, 14d vs. 28d, Mann-Whitney test). The reactive astrogliosis was reduced at 28 day post-SE, but were significantly higher 
in both groups when compared with the control (*p=0.0286, control vs. mild 28d, and control vs, severe 28d, Mann-Whitney test). 
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entorhinal cortex (p less than 0.05, Mann-Whitney test, 
n=5) and the amygdala (p less than 0.05, Mann-Whitney 
test, n=5). However, when compared to the control, there 
was a persistent increase in reactive astrogliosis at all 
three time points and in all three brain regions, while the 
reactive microglial cell counts reached the basal level by 
28d post-SE (Figures 6C and 7B).

At 7  day post-SE the reactive microglial cells 
continued to dominate the CA3 and CA1 regions of 
the hippocampus (Figures  6A and B), the entorhinal 
cortex and the amygdala (Figure 7A). This observation, 
coupled with increased brain electrical activity 
(Figure  2 and 3) at this time point, prompted us to 
investigate whether neurodegeneration occurred during 
this period. FJB+NeuN staining revealed significant 

neurodegenerative changes in the same areas where 
there were a large numbers of reactive microglial cells. 
A large numbers of FJB positive cells were found in the 
hippocampus, the entorhinal cortex and the amygdala at 
7 and 14 days in both the severe and the mild groups 
when compared to the control (Figures 6 and 8). However, 
at 28d their number declined in both groups, in all three 
regions, when compared to the 7d post-SE (Figures 6D 
and E, 8) which were similar to the patterns observed in 
reactive microglia and astroglia cell counts (Figures 4B 
and 6C).

Having observed dramatic changes in reactive 
microglia and astrocytes, and neurodegeneration at 7 
and 14 days, and recovery, to some extent, by 28 days 
in all three brain regions, we focused our investigation on 

Figure 5. Reactive astrogliosis in the entorhinal cortex and the amygdala of the severe and the mild SE groups at 7d, 14d and 28d post-SE time points. 
A. 10x magnified photomicrographs showing GFAP positive astrocytes (green; DAPI for nucleus, blue). B. Cell quantification. The reactive astroglia 
significantly increased in both the mild and severe groups when compared to the naïve controls at all the time points (p less than 0.05, Mann-Whitney 
test, n=5 each). The severe SE group had significantly higher reactive astroglia compared to the mild SE group at all time points, however a siginificant 
reduction in their numbers was observed at 14d and 28d time points when compared to 7d post SE (p less than 0.05, Mann-Whitney test). Magnified 
images of astrocytes shown in # (normal) and ## (reactive astrocyte). Scale bars, all 100 microns.
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the dentate gyrus. At 7d post-SE, we observed reactive 
astrogliosis in the hilus with thick (GFAP positive) astrocytic 
processes penetrating through the dentate granule cells 
in both the mild and the severe groups (Figures 9A and 
10A). The NeuN immunostaining revealed a significant 
reduction in the number of hilar neurons in both the mild 
and the severe SE groups at 7d post-SE when compared 
to the control group (Figure 9B). The NeuN+FJB double 
staining of the adjacent sections revealed that a large 

numbers of hilar neurons were FJB positive in both the 
mild and the severe groups suggesting an increase in 
neurodegeneration in the hilus of the dentate gyrus 
(Figure  9C; p=0.0286, Mann-Whitney test). At 14 and 
28 days their numbers were reduced, the similar trend as 
for the reactive gliosis (data not shown).

Interestingly, in both the mild and the severe 
groups we found a large numbers of DAPI positive 

Figure 6. Reactive microgliosis and neurodegeneration in the hippocampus in the mild and the severe SE groups at 7d, 14d and 28d time points. 
A. 10x magnified photomicrographs showing IBA1 positive microglial cells (pink cells) containing nucleus (DAPI, blue). The reactive microglial cells 
were concentrated more in and around the stratum pyramidale at 7d in the severe group (iv). A magnified images of normal (boxed in i) and labeled 
as Y) and reactive microglia (boxed in iv and labeled as Z) are shown in the panel Y and Z, respectively. The slides containing adjacent brain sections 
(with 225 micrometers apart) were processed for NeuN+FJB immunostaining to reveal neurodegeneration. At 7d post-SE in the severe SE group, the 
NeuN+FJB positive neurons were concentrated in the CA3 region (v) where the reactive microglial cells were also present (iv), and these changes were 
moderate at 14d (viii, ix) and 28d (xiii, xiv). In the mild SE group, reactive microgliosis and neurodegeneration were mild at 7d post-SE and they decreased 
further later on (ii and iii; vi and vii; xi and xii). Scale bar, all 100 microns. B. The photomicrographs presented in B are from CA1 region- taken from the 
same sections as in the panel A from 7d post-SE group. The CA1 hippocampus too showed hypertrophied phagocytic reactive microglia (green cells 
in iii; the red cells are NeuN positive) in the severe SE group. The boxed area in (iii) is enlarged to show the morphology of reactive microglia cells that 
contain several nuclei (panel Z) when compared to the normal microglia from the control (i, the boxed area is enlarged- panel Y). Reactive microglia 
cells frequently wrapped the NeuN positive neurons (red, indicated by an open arrow in the panel Z). The parallel sections were also double stained for 
IBA1 and GFAP to understand the relationship between microglia and astrocytes at the site of neurodegeneration. The GFAP positive reactive astrocytes 
(green, iv to vi, and W) were frequently observed in close proximity with the reactive microglia cells (pink, iv to vi, and W) with no NeuN positive cells 
around (perhaps engulfed by reactive microglia) suggesting the neuronal loss in that area. Those neurons undergoing degenerative changes were 
stained for FJB and NeuN (yellow stained cells in the panel vii to ix). The healthy neurons were stained by NeuN only. Those cells that stained for both 
FJB and NeuN were counted from CA1 and CA3 region of the hippocampus. Scale bar, all 100 microns. C-E. Cell quantification. There were significantly 
higher microglia cell counts in both the mild and the severe SE groups at 7d post-SE when compared to the control group (*p=0.017 control vs mild 7d, 
***p=0.0006 control vs severe 7d, *p=0.0.38 mild vs severe 7d groups, Mann-Whitney test, n=5 each). The reactive microgliosis significantly reduced at 
14 and 28d time points in the severe groups when compared to the 7d time point (**p=0.0028 severe 7d vs 14d and severe 7d vs 28d, Mann-Whitney 
test). There were significantly higher numbers of FJB positive cells in both CA1 (D, *p=0.0286, control vs severe 7d or severe 14d or severe 28d, Mann-
Whitney test, n=4 each) and CA3 (E, *p=0.0286, control vs severe 7d or 14d or 28d, Mann-Whitney test, n=4 each) regions at 7, 14 and 28d post-SE 
in the severe groups when compared to the controls. There was a significant difference between controls and 28d mild group at CA1 and CA3 regions 
(*p=0.0286, Mann-Whitney test). However, there was a significant reduction in the number of FJB positive cells in the severe SE group at 14 and 28d time 
points when compared to 7d time point at CA1 and CA3 regions (*p=0.0286, severe 7d vs 14d or 28d, Mann-Whitney test, n=4 each). 
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cells that were neither positive for NeuN nor for GFAP 
in the subgranular zone (SGZ) of the dentate gyrus 
(Figure 9A). Based on our previous observation in the rat 
kainate model (32), we predicted that these cells could 
be neuroblasts. A  double cortin (DCX) immunostaining 
was done to confirm this (Figure 10A). When compared 
with the control, the cell counts revealed a significant 
increase in the number of DCX positive cells in the SGZ 
at all the time points in both the mild (except at 28d) and 
the severe SE groups (Figure 10B). In the granule cell 
layer too, the DCX positive cells were higher at 7d and 
14d when compared to the control in both the mild and 
the severe groups. In the hilus, such increase was found 
at 7d in the severe group only (Figure  10B). However, 
by 18 weeks, MRI revealed no significant changes in the 

ration of volume of the hippocampus to the rest of the 
volume of the brain in the severe and the mild groups or 
when compared to the control group (Figures 10C and 
D). Further, cresyl violet staining of brain sections of mice 
that had persistent electrographic NCS for 18  weeks 
(evident from continuous video-EEG recording) did not 
reveal significant differences in morphological changes 
between the groups (data not shown).

4.4. Impact of epileptiform spiking, 
spontaneous CS and electrographic NCS, and 
brain pathology on hippocampal dependent 
discriminatory learning and memory

The Morris water maze test was performed 
to investigate the effects of the severity of seizures on 

Figure 7. Reactive microgliosis in the entorhinal cortex and the amygdala of the severe and the mild SE groups at 7d, 14d and 28d time points. A. 10x 
magnified photomicrographs showing IB1A positive microglia (red; DAPI for nucleus, blue). B. Cell quantification. The reactive microglia significantly 
increased when compared to the naïve controls at all the time points (p less than 0.05, Mann-Whitney test, n=5 each). The severe SE group had 
significantly higher reactive microglia compared to the mild SE group at all time points while a siginificant reduction was observed at 14d and 28d 
time points when compared to the 7d post-SE groups (p less than 0.05, Mann-Whitney test). Magnified images of microglia shown in # (normal) and 
## (reactive microglia). Scale bars all 100 microns.
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discriminatory learning and memory. Considering the 
impact of the seizures on the hippocampus with respect 
to reactive gliosis, neurodegeneration, and neurogenesis, 
it was anticipated that the cognitive function could have 
been compromised in the epileptic mice. The mice were 
tested between 7-20  days post-SE, the period during 
which maximum pathology was observed. There were no 
differences between the control and the mild SE group 
with respect to the amount of time required to find the 
exposed platform on the day 7 (Figure 11A). However, 
the mild SE group mice spent more time at the false 
zone during the probe trails on day 12 and 20 post-SE 
suggesting the loss of memory. An interesting observation 
on the day 7 (training/learning trials) was that the severe 
SE group mice had a tendency to learn incorrectly 
i.e. they learned to choose the false zone instead of the 
exposed platform in contrast to the control and the mild 

SE groups. The incorrect learning was further reinforced 
during the submerged platform trials (day 8-11 post-SE) 
and the probe trial at 12d post-SE. However, after a 
gap of 7 days there was an improvement in the correct 
learning (i.e.  choosing the true platform zone) after 
a short training in the submerged platform trials in the 
severe group (p less than 0.05, Mann-Whitney test). The 
tracks of representative mice from each group travelled 
during the probe trail is presented in Figure 11C.

5. DISCUSSION

In the present study we demonstrate the effects 
of initial seizure severity during the SE and subsequent 
epileptiform spiking activity, in the C57BL/6J mouse 
kainate model, on the neurobiological changes in the 
hippocampus, the entorhinal cortex, and the amygdala 

Figure 8. Neurodegeneration in the entorhinal cortex and the amygdala of the severe and the mild SE groups at 7d, 14d and 28d time points. A. 10x 
magnified photomicrographs showing FJB and NeuN positive cells (yellow; Green- FJB, red- NeuN, DAPI for nucleus, blue). B. Cell quantification. The 
number of FJB positive cells significantly increased when compared to the naïve controls at all the time points except 28d time point in amygdala (p less 
than 0.05, Mann-Whitney test, n=5 each). The severe SE group had significantly higher FJB positive cells when compared to the mild SE group at all time 
points while a siginificant reduction in their number was observed at 14d and 28d time points when compared to the 7d post-SE groups (p less than 0.05, 
Mann-Whitney test). Magnified images of neurons shown in # (normal) and ## (FJB positive neurons). Scale bars all 100 microns.
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Figure 9. Neurodegeneration and reactive astrogliosis in the hilus of the dentate gyrus at 7d post-SE in the severe and the mild SE groups. A. 10x 
photomicrographs (i-iii) from 7d post-SE brain sections labeled for astrocytes (GFAP, bright green), neurons (NeuN, bright red/pink) and nucleus (DAPI 
labeled in blue). These images were further magnified in the panel iv-vi to show the subgranular zone and the cells in the hilus. The thick processes of 
the reactive astrocytes passing through the dentate granular cells were observed in both the groups. The white arrows in the panel v-vi (A) point to the 
subgranular zone are the DAPI positive cells that did not stain for NeuN or GFAP suggested that these cells were neither neurons nor astrocytes. These 
cells were DCX positive neuroblasts (shown in the Figure 10A). The NeuN (red) and FJB double stained neurons (yellowish green) in the hilus are shown 
in the panel vii-ix. Scale bar, all 100 microns. B-C. Cell quantification. There was a significant reduction in the NeuN positive cells in the hilus region in 
the severe SE groups when compared to the control or mild SE group when compared to severe SE (*p=0.0159, n=5, Mann-Whitney test). C. The graph 
showing an increase in co-localization of NeuN and FJB positive cells in the hilus in the mild SE and the severe SE groups when compared to the control 
(*p=0.0286, control vs mild, control vs severe, mild vs severe Mann-Whitney test, n=4 each). 

during the early stage of epilepsy. The EEG recording and 
the IHC of brain sections from the mild and the severe SE 
groups revealed increased spiking activity with distinct 
pattern of EEG footprints of epileptogenesis, increased 
reactive astrogliosis and microgliosis, increased 
neurodegeneration and a concomitant increase in 
neurogenesis at 7 and 14 days post-SE. Most of these 
changes were reduced at 28 day post-SE. These early 
changes caused a significant reduction in the water maze 
performance in both groups indicating a cognitive decline 
during the early epileptic phase. Our findings from this 
study also seems to suggest that increased neurogenesis 
between 7-14 days and decreased reactive gliosis and 
neurodegeneration by 28  day may be responsible for 
reducing spontaneous CS after 4 weeks in the C57BL/6J 
mouse model of epilepsy. However at a longer time point 
(18 weeks post-SE), neither MRI nor histology (data not 
shown) showed any gross changes in the brain between 
the groups suggesting that a different mechanism exists 
for the persistent spontaneous NCS that were observed 
in both the mild and the severe SE groups (8).

The C57BL/6J mice are resistant to kainate-
induced toxicity via the i.p. route (1, 2). Moreover their 

response to a single high dose of kainate was highly 
variable between different batches of mice and between 
different suppliers (8, 9, 39, 40). Also, an increased 
mortality rate was reported with a single high dose of 
kainate (normally greater than 20mg/kg, i.p.) (2, 5, 6, 41). 
To overcome variability in seizure response to kainate and 
to reduce mortality rate, we demonstrated an alternate 
method of repeated low dose of kainate (5mg/kg, i.p.) 
given at 30 minutes intervals (9). This method is useful 
to titrate mice to a varying degree of severity based on 
the Racine scale (26). This method induced immediate 
epileptogenesis irrespective of the severity of seizures 
during the SE (8). We also further demonstrated a method 
of quantifying severity of the SE (cumulative seizure 
severity indices) based on real-time behavioral seizures 
and their corresponding EEG characteristics (8, 9). In 
the present study, we compared the long term effects 
of severe and mild SE on the brain electrical activity, 
pathology and the functional outcome. The studies from 
McKhann et al (3) and Yang et al (4), using repeated dose 
of kainate at different concentrations and intervals in the 
C57BL/6J mouse model, also reported increased seizure 
severity and decreased variability in seizure response. 
Since these were short term studies, the long term impact 
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of severity of SE on epileptogenesis and neurobiological 
changes in the brain were not reported. In our studies, 
in addition to quantifying behavioral and electrographic 
SE, we further quantified the EEG for epileptiform spike 
rate with EEG patterns of epileptogenesis during the 
first four weeks (Figure  2 and 3) and spontaneous CS 
and electrographic NCS for 18 weeks post-SE (8). The 
epileptiform spikes detected during the post-SE period 
resembled inter ictal spikes and periodic epileptiform 
discharges as described for the C57BL/6J mouse kainate 
model (25, 31) and the rat kainate model (42). Further, it 
has been demonstrated that the inter ictal spike frequency 
could be a strong predictor of chronic epilepsy  (43). 
A  similar observation was made from our present and 
the previous studies from the C57BL/6J mouse chronic 
model of complex seizures (8).

SE causes neuroinflammation as a delayed 
effect (8, 44-49). SE disrupts the blood-brain-barrier 
(BBB) irrespective of severity of seizures (4, 50-53). The 
loss of BBB integrity causes infiltration of leukocytes 
and serum albumin in the extracellular space and 
increases GFAP content in astrocytes which results 
in reactive gliosis in the hippocampus and other brain 

regions (31, 45, 51, 52, 54). Until recently it was unclear 
whether the reactive astrogliosis in the epileptic foci 
was a cause or a consequence of epileptiform spiking 
activity (15-17, 20, 55, 56). We had demonstrated 
reactive astrogliosis in the hippocampus in the 
C57BL/6J mouse kainate model at 3 day post-SE (31). 
In the present study, the reactive astrogliosis and 
neurodegeneration persisted for up to 28  days, and 
reactive microgliosis for up to 14 days after the SE in the 
hippocampus, the entorhinal cortex, and the amygdala. 
Continuous video-EEG monitoring after inducing the 
SE revealed maximum number of spontaneous CS 
during the first 4  weeks when compared to the rest of 
the 18  weeks study (8). A  recent study from a mouse 
model has shown that a deletion of integrin-beta1 causes 
widespread reactive astrogliosis and SRS during the first 
six weeks of postnatal life (57). Several other studies also 
support the view that reactive astrocytes contribute to 
epileptogenesis and SRS (15, 17, 20, 56). The astrocytes 
under a physiological condition prevent hyperexcitability 
of neurons by re-uptake of extracellular glutamate and 
ions at the synaptic terminal, which is compromised in 
reactive glial cells (58-62). By 28  day post-SE in the 
present study, there was a reduction in the reactive 

Figure 10. Neurogenesis at 7d, 14d and 28d post-SE in the severe and the mild SE groups and MRI at 18 week post-SE. A. The photomicrographs of the 
brain sections immunolabeled for astrocytes (GFAP, green) and doublecortin (DCX, pink/red), and counterstained with DAPI (blue). A further magnified 
images from ii) and iii), indicated by large orange arrows, to demonstrate DCX positive cells in the hilus, subgranular and granular zones. The panel iv) 
to vii) represent DCX staining in the dentate gyrus from the mild (iv, v) and the severe (vi-vii) at 14 and 28d post-SE. Scale bar, all 100 microns. B. Cell 
quantification. There was an overall increase in the DCX positive cells in the subgranular and the dentate granule cell layer, and the hilus in both the 
severe and the mild SE groups when compared to controls at all the time points (except at 28d time points and in the subgranular zone at 28d in the 
mild group) (*p less than 0.05, Mann-Whitney test, n=5). At 7d post-SE there was a significant increase in the DCX positive cells in the subgranular zone 
which were neither NeuN nor GFAP positive as shown in the Figure 9A. An increase in the DCX positive cells (indicated by white arrows in 7d post-SE 
group) in the granule cell layer suggest their migration from the subgranular zone, and also in hilus in the severe and the mild SE groups than the control 
(A- indicated by white arrows) (*p less than 0.05, Mann-Whitney test, n=5). There was an overall decreasing trend in DCX positive cells at 28d time point 
compared to other time points in all three regions of the dentate gyrus. C-D. The MRI images of the control, mild and severe SE groups at 18 week did 
not show any morphological or volumetric changes in the hippocampus. 1mm scale bar for all images in C.
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astrogliosis that also coincided with the reduction in the 
spontaneous CS suggesting possible role for reactive 
astrocytes in hyperexcitability of neurons and SRS at 
earlier time points.

The reactive microglial cells were also increased 
in the hippocampus during the first 2 week of the SE in this 
study. At day 3 of post-SE in the C57BL/6J mice we had 
shown that the stratum pyramidale of the CA regions were 
invaded by reactive microglial cells with no evidence of 
neurodegenerative changes (31). At 7 day post-SE in the 
present study, a similar pattern of the reactive microglial 
cells invading the stratum pyramidale was evident in 
the CA3 region of the hippocampus (Figure 6A, iv), and 
the microglial cells were hypertrophic, which coincided 
with the neurodegenerative changes observed in the 
similar area of the hippocampus (Figure  6A, v). It has 

been shown that the downstream of SE-induced reactive 
gliosis increases the production of pro-inflammatory 
cytokines, chemokines and inducible nitric oxide (NO) 
synthase (30, 46, 63-65). In an organophosphate 
model of SE, an increased NO metabolites levels by 
4-8 folds and a concomitant decreased ATP levels by 
34-60 percent were reported in the hippocampus, and 
these levels persisted for up to 3 days post-SE (66, 67). 
These factors seems to exacerbate hyperexcitability 
of neurons during early epileptogenesis which was 
evident from the increased spiking activity on the EEG 
in the present study (Figure  2). Excessive amounts of 
reactive oxygen and nitrogen species, hyperexcitability 
of neurons and reactive gliosis are all known to cause 
neurodegeneration (8, 66-70). In the present study, we 
have demonstrated increased neurodegeneration in the 
hippocampus and the hilus of the dentate gyrus, the 

Figure 11. The impact of seizure severity, epileptiform spikes, reactive gliosis, neurodegeneration and neurogenesis on discriminatory learning behavior 
during the 7-20 days post-SE. The hippocampal dependent spatial learning was tested using the Morris Water Maze. A. The training was started for all 
three groups at 7th d post-SE to identify the exposed platform (5 trials). There were no differences between the control and the mild SE group in time 
spent to find the exposed platform. The severe SE group spent significantly more time at the false platform zone (incorrect learning) when compared 
to the mild SE and the control groups (n=16 for control, and 6 each for the severe and mild group; *p=0.026 for the control and *p=0.029 for the mild 
group, Mann-Whitney test). B. During the submerged platform trails (5 trials/animal each day for 4 days) from day 8 to 11 post-SE, the severe SE group 
continued to spend more time to find the submerged platform than the mild and the control groups (p=0.0018, Mann-Whitney test). Later, the single probe 
trial performed on the 12th day revealed that both the mild SE group spent a significant amount of time at the false zone than the control group (p less 
than 0.05, Mann-Whitney test). The severe group had further reinforced their incorrect learning behavior by spending more time at the false zone when 
compared with the control and the mild group (p=0.0018, Mann-Whitney test). On the day 19d, a brief re-training (5 trials) was given to all the three groups 
to find the submerged platform and a single probe trial was performed on the day 20. At 19d and 20d tests, there was a significant reduction in the time 
spent in the false platform zone in the severe group when compared to the earlier time points (p=0.002, Mann-Whitney test) suggesting an improvement 
in their discriminatory learning behavior. There was a small but significant increase in time spent in the false platform between the control and the mild 
SE mice (p=0.036, Mann-Whitney test) also suggesting a decline in their discriminatory learning behavior. C. The tracks of representative mice from each 
group travelled during the probe trail is presented. 
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entorhinal cortex and the amygdala during the first few 
weeks of the SE (Figures 6 and 8).

The unique feature of the C57BL/6J mouse 
kainate model of epilepsy is that the frequency of 
spontaneous CS decreases after 4  weeks but the 
electrographic NCS persist beyond this period for up to 
18 weeks (8). Other studies have also reported the impact 
of the severity of SE on hippocampal neurogenesis, 
aberrant migration of neuroblasts, and SRS in the Swiss 
mouse kainate, and the rat electroconvulsive and kainate 
models (4, 71-76). In the present study, both mild and 
severe SE increased reactive gliosis, neurodegeneration 
and DCX positive neuroblasts in the subgranular cell 
layer, the hilus and the dentate granule cell layer at 7 and 
14  days post-SE. These changes were also coincided 
with an increase in the frequency of epileptiform spiking 
and spontaneous CS during this period (Figure 2). At 28d 
post-SE, these neurobiological changes were significantly 
reduced (Figure 10) and also the spontaneous CS (8). 
The role of enhanced neurogenesis during early post-SE 
is controversial whether it exacerbate or mitigate 
spontaneous seizures (14, 36, 47, 77). A  recent study 
demonstrated a direct link between aberrant hippocampal 
neurogenesis, epilepsy and cognitive decline (78). In the 
nerve agent (soman) induced SE rat model, diazepam 
and valproic acid treatment increased neurogenesis and 
reduced spontaneous seizures (47). In the rat pilocarpine 
model with severe SE, an increased neurogenesis was 
reported in the hippocampus at 3 and 7 day post-SE (76), 
which supports our current findings (Figure  10). Triple 
immunostaining of brain sections at 7  day post-SE for 
GFAP, NeuN and DAPI indicated that a subpopulation 
of SGZ cells were neither GFAP nor NeuN positive 
(Figure 9A), which were indeed the neuroblasts stained 
for DCX (Figure  10A). The DCX positive cells were 
also found in the hilus and dentate granule cell layers. 
It has been reported that the newborn dentate granule 
cells synchronize with the host dentate granule cell 
layer (79, 80). However, aberrant migration of neuroblasts 
could lead to epileptogenesis (76, 78). Whether the DCX 
positive cells in the hilus assuming that they originated 
from the subgranular zone (14, 81, 82), or they migrated 
from the medial ganglionic eminence (83, 84) needs 
further investigation.

The neurobiological evidence of hippocampal 
reactive gliosis and neurodegeneration resulting from 
the seizures, or vice versa, whether mild or severe, 
are most likely to have an impact on hippocampus 
mediated learning and memory tasks. Seizures are 
known to affect cognitive function (78, 85-87). In the 
present study, both mild and severe groups showed a 
significant impairment in learning and memory during the 
first 1-3  weeks post-SE. This coincided with increased 
reactive gliosis, neurodegeneration and epileptiform 
spiking. Epileptiform spiking is known to cause cognitive 
impairment (88-91). In the present study, although the 

epileptiform spiking on the EEG persisted for a longer 
period, the cognitive impairment was more pronounced 
during the first two weeks of the SE. We did not test the 
cognitive function beyond 28 days in the present study 
since the spontaneous seizures were reduced after 
4 weeks post-SE (8).

In summary, we were able to detect 
the neurobiological changes such as gliosis and 
neurodegeneration in early epileptic phase in C57BL/6J 
mice that were correlated with the increased spike 
frequency on the EEG and cognitive dysfunction. 
A  recovery from spontaneous CS, but not from 
spontaneous electrographic NCS, in this unique 
regressive mouse model of epilepsy also coincided with 
a reduction in gliosis, neurodegeneration, decreased 
spike rate at 28  day post-SE, which was preceded by 
an increased neurogenesis at 7 and 14  day post-SE. 
Since, these neurobiological changes occurs in less than 
four weeks of SE, the C57BL/6J mouse kainate model 
provides an earliest opportunity to test the effect of 
intervention drugs while, reducing the cost and duration 
of experiments when compared to rat models of epilepsy.
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