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Kainic Acid-Induced Post-Status
Epilepticus Models of Temporal Lobe
Epilepsy with Diverging Seizure
Phenotype and Neuropathology

Daniele Bertoglio’, Halima Amhaoul, Annemie Van Eetveldt, Ruben Houbrechts,
Sebastiaan Van De Vijver, Idrish Ali and Stefanie Dedeurwaerdere**

Department of Translational Neurosciences, University of Antwerp, Antwerp, Belgium

The aim of epilepsy models is to investigate disease ontogenesis and therapeutic
interventions in a consistent and prospective manner. The kainic acid-induced status
epilepticus (KASE) rat model is a widely used, well-validated model for temporal lobe
epilepsy (TLE). As we noted significant variability within the model between labs poten-
tially related to the rat strain used, we aimed to describe two variants of this model
with diverging seizure phenotype and neuropathology. In addition, we evaluated two
different protocols to induce status epilepticus (SE). Wistar Han (Charles River, France)
and Sprague-Dawley (Harlan, The Netherlands) rats were subjected to KASE using
the Hellier kainic acid (KA) and a modified injection scheme. Duration of SE and latent
phase were characterized by video-electroencephalography (VEEG) in a subgroup of
animals, while animals were sacrificed 1 week (subacute phase) and 12 weeks (chronic
phase) post-SE. In the 12 weeks post-SE groups, seizures were monitored with VEEG.
Neuronal loss (neuronal nuclei), microglial activation (OX-42 and translocator protein),
and neurodegeneration (Fluorojade C) were assessed. First, the Hellier protocol caused
very high mortality in WH/CR rats compared to SD/H animals. The modified protocol
resulted in a similar SE severity for WH/CR and SD/H rats, but effectively improved
survival rates. The latent phase was significantly shorter (o < 0.0001) in SD/H (median
8.3 days) animals compared to WH/CR (median 15.4 days). During the chronic phase,
SD/H rats had more seizures/day compared to WH/CR animals (p < 0.01). However,
neuronal degeneration and cell loss were overall more extensive in WH/CR than in SD/H
rats; microglia activation was similar between the two strains 1 week post-SE, but higher
in WH/CR rats 12 weeks post-SE. These neuropathological differences may be more
related to the distinct neurotoxic effects of KA in the two rat strains than being the
outcome of seizure burden itself. The divergences in disease progression and seizure
outcome, in addition to the histopathological dissimilarities, further substantiate the
existence of strain differences for the KASE rat model of TLE.

Keywords: epilepsy model, status epilepticus, spontaneous recurrent seizures, translocator protein,
epileptogenesis, strain
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INTRODUCTION

Animal models are very important for biomedical researchers to
investigate disease ontogenesis or to evaluate pharmacological
interventions. They have been essential tools in the discovery
of antiepileptic drugs (AEDs) (1, 2). Moreover, chronic epilepsy
models with high etiological relevance, such as the status epilepti-
cus (SE), febrile seizure, and traumatic brain injury models, have
played an important role in disentangling the pathophysiological
processes involved in human epilepsy (1, 3-5). The advantage of
these chronic models is that they enable to study epileptogenesis
in a consistent and prospective manner, which is almost impos-
sible to accomplish in patients due to heterogeneity of disease
ontogenesis and interfering factors, such as antiepileptic medica-
tion, during clinical studies. In addition, models provide the pos-
sibility to test new drug targets for disease-modifying potential,
a needed paradigm shift in respect to the current availability of
symptomatic AEDs only.

Careful consideration in the selection of one or the other animal
model is required. This choice depends on several factors, includ-
ing the epilepsy subtype to be modeled as well as the research aims.
The kainic acid-induced status epilepticus (KASE) model is a well-
validated model of temporal lobe epilepsy (TLE) (6). TLE is the
most common form of focal epilepsy in adults and often refractory
epilepsy to medication (7). The KASE model involves induction
of SE, which is characterized by a continuous seizure activity
or as a series of seizures without retaining full consciousness in
between (8). In the majority of animals, this subsequently initiates
a process of epileptogenesis, which later leads to the development
of spontaneous epileptic seizures. The model allows studying the
different stages between SE and the development of TLE includ-
ing SE, the acute and latent stages of epileptogenesis and chronic
epilepsy. TLE models reflect similar neuropathological character-
istics as seen in patients with TLE including mild (MRI negative)
to severe structural changes such as hippocampal sclerosis (HS)
(MRI positive) (9-11), accompanied by several processes such as
cellloss and inflammation. HS is a common pathology in patients
with mesial TLE (approximately 65% of patients) and can be clas-
sified into typical (type 1) and atypical (type 2 and 3), based on
the histological patterns of neuronal loss and gliosis (12). Nearly
60-80% of patients with mesial TLE are affected by type 1 HS,
which is characterized by neuronal loss predominantly in CA1 but
also CA4 and CA3. Accordingly, in the KASE rat model of TLE,
a high proportion of animals is characterized by a histological
pattern similar to type 1 HS in patients (13).

At our laboratory, the KASE model is used to study the role of
brain inflammation as well as its association with chronic seizure
burden in epileptic rats (14). Earlier experiments in our group
utilized Wistar Han rats from Charles River (WH/CR; France)
(14, 15). We noticed that across different laboratories, Wistar
Han rats have a relatively low number (on average <1/day) of
spontaneous recurrent seizures (SRS) during the chronic period
(11, 13-16), and extensive microgliosis and neurodegeneration
(13, 15, 17, 18). Nevertheless, studies in models with low seizure
frequency or an overall lower susceptibility to develop seizures
after an epileptogenic insult are very useful in investigating
molecular, epigenetic, and neurobiological alterations associated

with epileptogenesis and seizure susceptibility. Such models could
provide important insights in the identification and evaluation
of risk and precipitating factors, which could otherwise be less
evident. Besides, these models could be useful in the evaluation
of anti-epileptogenic treatments interfering with epileptogenic
mechanisms to delay or prevent development of epilepsy.

In addition to striving for a better understanding of epilep-
togenesis, an important part of epilepsy research is to find new
treatments. For evaluating novel antiepileptic treatments, a model
with higher seizure burden could be attractive. This would allow
detecting more subtle effects of the treatment on the number and
severity of SRS (instead of an all-or-none effect). An extensive
literature search indicated that Sprague-Dawley rats from the
Harlan Laboratories (SD/H; The Netherlands) have frequent SRS
during the chronic period when subjected to KASE (17, 19-22).

With this study, we aimed to describe two rat strains subjected
to KASE that express either alow or a high prevalence of SRS dur-
ing the chronic period using the same initial trigger, i.e., KASE.
A second aim was to investigate neuropathological differences
(neurodegeneration and cell loss, and microgliosis) during both
subacute and chronic stages of KASE-induced TLE. To fulfill these
goals, we first compared two protocols for the induction of SE as
described by and modified from Hellier (8) [5 mg/kg every hour
and 2.5 mg/kg every 30 min kainic acid (KA), respectively] to
assess the vulnerability of the two strains to KA. Second, seizure
phenotype was determined by means of continuous (24 h/day)
video-electroencephalography (VEEG) and neuropathological
changes with postmortem analysis, respectively.

MATERIALS AND METHODS

Animal Ethics and Care

Male WH and SD rats were bought from Charles River (France)
and Harlan Laboratories (The Netherlands), respectively. WH/
CR were the standardly used animals at the laboratory, while
SD/H were chosen due to their high chronic seizure frequency
reported in the literature. All rats were single housed under a
12 h light/dark cycle, in a temperature (22 + 2°C) and humidity
(55 + 10%) controlled environment. Food and water were avail-
able ad libitum. Animals were allowed 6 days of acclimatization
to the animal facilities before the start of the experiments and
were treated in accordance with the guidelines approved by the
European Directive (2010/63/EU) on the protection of animals
used for experimental and other scientific purposes. All animal
experiments were approved (ECD 2014-39) by the ethical com-
mittee of the University of Antwerp (Belgium).

Study Design

A total of 121 animals were included in the study from which
97 rats (WH/CR, n = 57; SD/H, n = 40) were subjected to the
multiple, low-dose injection KASE model. The other 24 animals
represented the control group. In a first step, the severity and
mortality of SE were compared between the Hellier protocol (8)
and a modified protocol as we noticed that the WH/CR were
strikingly sensitive to the standard Hellier protocol. As there was
a high mortality in the WH/CR strain after SE induced by the
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Hellier protocol, VEEG and histopathological evaluations were
limited to animals subjected to the modified protocol. In addi-
tion, a control group (n = 5-7) for each strain and each time point
was also included. The study design is summarized in Figure 1: a
group of animals was used to evaluate SE duration and the latency
to the first SRS by means of vVEEG recording, a second group was
sacrificed 1 week post-SE (subacute phase), while a third group of
animals was followed up longitudinally until the chronic period
(12 weeks post-SE) to determine SRS outcome by means of vVEEG
recording. Differences in the two strains were evaluated at each of
the time points investigated.

Induction of SE

At SE induction, the rats were 7.5 weeks old with an average weight
0f231.3 + 1.8 g for WH/CR and 238.4 + 2.3 g for SD/H rats. In a
first group of animals (WH/CR n = 6; SD/H n = 15), the Hellier
protocol was used to induce SE (8). Briefly, they received an initial
dose of 5 mg/kg KA [subcutaneously (s.c.); sourced from A.G.
Scientific, USA for all experiments], repeated every hour until the

animals displayed four convulsive seizures (type S4-S5) (Table S1
in Supplementary Material). To assure SE was induced, the animal
had to experience four convulsive seizures within 1 h. This proto-
col is referred to as the Hellier protocol (8). The modified protocol
was based on previous studies in which repeated doses of KA have
been tapered down to 2.5 mg/kg in Wistar Han rats to improve
survival and welfare requirements from local ethical committees
(11, 23, 24). The protocol presented here results from optimizing
its efficiency regarding epilepsy outcomes and to provide excel-
lent survival rate at the same time. The modified protocol (WH/
CR n = 51; SD/H n = 25) involved an initial dose of 7.5 mg/kg.
After 45 min, repetitive injections of 2.5 mg/kg were given every
30 min (14). Injections were repeated until convulsive seizures
were induced and then stopped to avoid overdose. According to
the protocol, if an animal did not present four convulsive seizures
within 1 h, injections would be continued. However, it was never
required since all animals reached the criterion. After 4 h of SE
(induction score >3), diazepam (4 mg/kg, i.p.; NV Roche SA,
Belgium) was given to reduce the mortality, although this dose

Hellier protocol (n = 21)

Dead during or
after SE (n =5)
KASE WH/CR

12w post-SE*

(n=06)
KASE SD/H
(n=15 =—>

Dead during or
after SE (n=1)

Modified Protocol (n = 76)

Duration SE and latency

- > (n=1)
12w
o » 12w post-SE

(n=14) (VEEG)

video-electroencephalography; SRS, spontaneous recurrent seizures.

- 1w post-SE
KASE WH/CR 585" 10 (VEEG) (n =p12) 12w post-SE (1 = 26)
(n = 51)8 > - » (VEEG, n = 13)
Ow 1w 12w
KASE SD/H . - » 12w post-SE (n = 6)
(n — 25) — > 1w pOSt-SE (VEEG)
Duration SE and latency (n=11)
SRS (n = 8) (VEEG)
Control rats (n = 24)
1w post-SE
WH/CR , (1=5) 12w post-SE
(n=12) - > (n=7) (VEEG)
Oow 1w 12w
SD/H — - » 12w post-SE
(n=12) " 1w post-SE (n = 6) (VEEG)

(n=06)

FIGURE 1 | Schematic diagram illustrating the experimental design, the number of animals used for each SE induction protocol, and strain. Three animal groups
were included in the study: a group of animals (duration SE and latency SRS) was VEEG monitored to determine the duration of SE and the latency to the first SRS
(modified protocol: KASE WH/CR, n = 10; KASE SD/H, n = 8). A second group of animals (1 w post-SE) was sacrificed at subacute phase for postmortem analysis
(modified protocol: KASE WH/CR, n = 12; KASE SD/H, n = 11; control rats: WH/CR, n = 5; SD/H, n = 6). Finally, a third group of animals (12 w post-SE) was VEEG
monitored during chronic epilepsy and sacrificed for postmortem analysis (Hellier protocol: KASE SD/H, n = 14, only VEEG; modified protocol: KASE WH/CR,

n = 26; SD/H, n = 6; control rats: WH/CR, n = 7; SD/H, n = 6). VEEG indicates animal that underwent VEEG monitoring. * was not included for further vVEEG
analysis or postmortem evaluation. SThree WH/CR died during SE. VEEG indicates animals underwent electrode implantation and were VEEG monitored. SE, status
epilepticus; w, weeks; KASE, kainic acid-induced status epilepticus; WH/CR, Wistar Han/Charles River; SD/H, Sprague-Dawley/Harlan; n, number; VEEG,
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did not terminate SE (24). For both protocols, the first convulsive
seizure was considered as the start of SE. The number of injec-
tions was limited to a maximum of 10, although rarely more than
8 injections were needed, and all animals entered SE. Hartmann’s
solution (10 ml/kg, s.c.) was administered to prevent dehydration
(15). All control animals (n = 24) received saline injections only
(range of 3-6 injections, s.c.). Additional care was taken the days
following SE by providing the animals with enriched soft food
pellets, manual feeding, and Hartmann’s solution (10 ml/kg, s.c.)
if required (15).

Several induction variables were determined for statistical
analysis including the induction score, which represented the
severity of the SE (score ranging from 0 to 7, with 0 indicating no
SE and 7 a very severe SE) (Table S2 in Supplementary Material),
sickness behavior, and body weight change (%). Sickness behav-
ior was determined as composite score of different criteria, where
for each criterion (namely feeding and drinking, mobility, visible
stress or discomfort, signs of pain, respiration, fur, and body
weight) a score from 0 (normal) to 2 (highly abnormal) was given.
Intermediate scores were included when only a mild change was
visible. The sum of all criteria defined the composite score.

Evaluation of SE and SRS by Means
of vEEG

To determine the duration of SE and the latency to first SRS,
animals (WH/CR n = 10; SD/H n = 8) were implanted with epi-
dural electrodes 2 weeks before the induction of SE with modified
protocol as previously described (14). After 4 h of observation of
SE, the animals were connected to the VEEG system (14). From
the EEG, we considered the SE terminated when the last high-
amplitude periodic epileptiform discharge occurred as previously
described (14, 21).

To investigate SRS during chronic epilepsy, KASE animals
(modified protocol: WH/CR n = 13; SD/H n = 6; Hellier protocol:
SD/H n = 14) were followed up with vEEG for a period of 14 days.
The implantation of the epidural electrodes was performed
8 weeks after SE to provide the animals with a recovery period
of at least 2 weeks before the start of the recording. The first
day of VEEG recording was excluded from the analysis to allow
the animals to acclimatize to the VEEG setup. Analysis of VEEG
recordings was performed manually using Neuroscore 3.0 (Data
Sciences International, USA) by an experienced investigator. The
identification of SRS was executed as previously described (25).
The severity of SRS was determined according to the modified
scale of Racine (26). Duration of SE, latency to the first SRS,
duration of SRS, severity of SRS, circadian distribution of SRS,
and number of SRS were determined for each strain following SE
induction with the modified protocol.

Tissue Collection

All animals were sacrificed by rapid decapitation. Brains were
immediately removed from the skull and directly fresh-frozen
in 2-methylbutane at —35°C and further preserved at —80°C.
Serial coronal sections (20 pum of thickness) were collected for
analysis starting at —3.0 mm from bregma (dorsal hippocampus;
Figure S1 in Supplementary Material) (27) until —3.6 mm from

bregma, in triplicate, on positively charged glass slides (Menzel-
Gléser, Thermo Fischer Scientific, USA) using a cryostat (Leica,
Germany).

Histopathology

Neuronal nuclei (NeuN), OX-42, and Fluorojade C (FjC) staining
were performed as previously described (15, 25, 28) to visual-
ize neurons, microglial activation, and degenerating neurons,
respectively. Staining was quantified in the hippocampal sub-
regions cornu ammonis 1, 3, 4, and dentate hilus (DH), and in
the piriform cortex (PC) (Figure S1 in Supplementary Material).
These regions were chosen for histopathological analysis given
their implication in TLE. They are highly interconnected with
other limbic nuclei, providing the substrate for the hypersyn-
chrony and hyperexcitability associated with seizure generation
and propagation.

Neuronal nuclei and OX-42 immunostaining were performed
for neuronal loss and microglia activation, respectively. Briefly,
after fixating and blocking, sections were incubated overnight
with the primary antibody [mouse anti-rat NeuN, 1:2.000, Merck
Millipore, Germany or mouse anti-rat OX-42 (CD11b), 1:1.000,
AbD Serotec, UK] in blocking solution. The next morning
sections were incubated with peroxidase-conjugated second-
ary antibody (donkey anti-mouse IgG-HRP, 1:500, Jackson
Immunoresearch, UK) in antibody diluent. Finally, to visualize
the binding, sections were exposed for 10 min to the colorimetric
diaminobenzidine staining.

Fluorojade C staining was performed to visualize degenerat-
ing neurons. Briefly, sections were first immersed in a solution
consisting of 1% sodium hydroxide in 80% ethanol for 5 min,
then rinsed for 2 min in 70% ethanol, 2 min in distilled water,
and incubated in 0.06% potassium permanganate solution for
10 min. After 5 min in distilled water, sections were transferred
to a 0.0005% solution of FjC (Merck Millipore, Germany) dis-
solved in 0.1% acetic acid vehicle. Following three 2 min rinses in
distilled water, the sections were dehydrated and cleared in xylene
for at least 1 min and then coverslipped.

Quantification of the number of neurons was performed
using Image] software (National Institute of Health, USA) as
previous described (29) in CA1, CA3, CA4, DH, and PC (Figure
S1 in Supplementary Material). The intensity threshold and the
minimum and maximum cell size parameter values were initially
determined in an empirical manner under blind conditions.
Automatic quantification was done blinded for treatment on
triplicate sections of which the mean score was used for statistical
analysis.

Area of increased OX-42 staining was quantitatively evaluated
in the same regions as for NeuN staining using Image] software
as previously described (13). FjC-positive cells were manually
counted by two investigators blinded to treatment in the same
regions used for the other variables (Figure S1 in Supplementary
Material). Quantification was performed on triplicate sections of
which the mean score was used for statistical analysis.

Autoradiography
Translocator protein (TSPO) expression was determined by
in vitro autoradiography with *H-PK11195 (PerkinElmer, USA)
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as previously described (15). This is a valuable tool as it has
potential translational clinical use due to the availability of TSPO
PET tracers for non-invasive imaging. The TSPO focal binding
(TSPO binding in the focal region; Bq/mg tissue) and the TSPO%
area (area with increased TSPO) were determined as previously
described (15) for the KASE animals. TSPO expression was
quantitatively measured in the following ROIs: CA1, CA3, CA4,
DH, and PC (Figure S1 in Supplementary Material). The specific
binding of the radioligand (TSPO-specific binding; Bq/mg tissue)
was determined for the control and KASE groups. In addition,
the TSPO focal binding (TSPO binding in the focal region; Bq/mg
tissue) and the TSPO% area (area with increased TSPO) were
determined as previously described for the KASE animals (15, 25).

Statistical Analysis

The Kolmogorov-Smirnov test showed that not all data were
normally distributed and, therefore, it was decided to use non-
parametric tests for the analyses. A Mann-Whitney U test was
used to compare the two KASE groups (KASE WH/CR and KASE
SD/H), whereas a Kruskal-Wallis test with post hoc Dunn’s multi-
ple comparisons test to evaluate the four different groups at once
(namely, the control WH/CR, KASE WH/CR, control SD/H, and
KASE SD/H groups). The Fischer’s exact test was used to compare
severity of SRS and circadian distribution of SRS between KASE
groups. Spearmans rank test was used to evaluate correlations.
Data from the two time points were analyzed separately. Data are
represented as box plot and reported as median + interquartile
ranges (IQRs), unless specified. GraphPad Prism 6 (GraphPad
Software, USA) was used for all analyses. Tests were two-tailed
and statistical significance was set at p < 0.05.

RESULTS

Mortality, Severity, and Duration of the
KA-Induced SE

Two similar SE induction protocols were evaluated in both the
WH/CR and SD/H strains to compare their responsiveness to
each protocol. Following Hellier protocol, all SD/H rats went into
SE for at least 4 h without any mortality, and only 1/15 animal did

not recover from the SE and died 2 days post-SE (7% mortality)
(Figure 2A). Instead, four WH/CR rats died within 4 h from the
induction of SE and one rat died due to SE-related sickness 3 days
post-SE (83% mortality). The considerable mortality associated
with the Hellier protocol in the WH/CR rats underlines the need
for a different SE induction protocol in this strain. While using
the modified protocol, none of the SD/H rats (n = 25) died during
the induction of SE (0% mortality) and only 3/51 WH/CR rats
died during or the days following induction of SE (6% mortality)
(Figure 2A). No significant difference was found in the induc-
tion score of the SE between WH/CR and SD/H when using the
modified protocol (Figure 2B). The duration of SE was evaluated
by means of VEEG monitoring in a subset of animals and no
difference between strains could be found [WH/CR = 15.26 h
(IQR =13.72-16.19 h); SD/H = 13.87 h (IQR = 11.68-14.86 h)]
(Figure 2C). During post-SE follow-up, strains did not display
any significant difference in sickness behavior [sickness score:
WH/CR = 4 (IQR = 3-6.5), while SD/H = 4.5 (IQR = 3-7.5)]
or body weight change 1 day post-SE (WH/CR = —14.9 + 3.2%,
while SD/H = —14.3 + 3.6%, compared to the day of induction
of SE). All animals fully recovered the weight loss within 4 days’
post-SE. No differences were seen in SD/H animals between the
two protocols for any of the parameters evaluated.

The Two Strains Are Characterized
by Different SRS Outcome

For a cohort of animals, VEEG monitoring was started at SE
to determine the duration of SE and the latency to the first
SRS. These animals underwent surgical implantation of the
recording electrodes 2 weeks before SE. WH/CR rats experi-
enced a significantly longer latency to the first SRS compared
to SD/H animals [WH/CR = 15.4 days (IQR = 14.5-32.4),
SD/H = 8.3 days (IQR = 3.7-12.6); p < 0.0001] (Figure 3A). In
the cohort of animals allocated for the VEEG monitoring dur-
ing chronic epilepsy, the surgical implantation of the recording
electrodes occurred 6 weeks post-SE. This was followed by
a 2 weeks recovery before the start of the recording. During
vEEG monitoring in the chronic phase, 10 out of 13 KASE
WH/CR rats experienced SRS, while all KASE SD/H rats did

A 1001 53 WH/CR B 7- C 20+
(]
| = SDH &
_ 80 s 4 £ 15
S ) RN w
60- ? 4] SN\ B
§' < £ 10-
® 2 0
5 ] g g
= S 24 5
<
201 o £ a 5
o 6% . 14
NN 0%
c ANNNNNY c c

Hellier protocol modified protocol

FIGURE 2 | Status epilepticus (SE) in KASE WH/CR and KASE SD/H rats. (A) Mortality rates for both rat strains during SE induction. (B) Severity of the SE
between the two strains during the modified protocol. Hellier protocol: WH/CR n = 6 and SD/H n = 15; modified protocol: WH/CR n = 51 and SD/Hn =25
(A,B). (C) Duration of SE in WH/CR (n = 10) and SD/H (n = 8) during the modified protocol. WH/CR, Wistar Han/Charles River; SD/H, Sprague-Dawley/Harlan;

KASE, kainic acid-induced status epilepticus.
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Frontiers in Neurology | www.frontiersin.org

November 2017 | Volume 8 | Article 588


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Bertoglio et al. KASE Models of TLE
A B c p = S3 E3 S4 o S5
hkkk Kk A~
3 201 oge 60 100
— - - -
= ol® AN\N\
o 404 o 154 - —
N g O & 75
‘é 30 ) 10+ .‘. g 50 &,
= 14 N\ »n
2 204 »n 5- x _5 m 2 SO
>. b~ S
: N Ee ..
£ 104 NN 0- Sogifoe® Nee a &
5 NN
T T
\a— T WHI/CR D/H 30— T 0 r '
WH/CR SD/H e SDf WH/CR SD/H WH/CR SD/H
E F
[ Light Dark
WH/CR | 100-
500 pv ;,’ 75+
5 sec 14
(7]
SDH | £ *
5
£ \
Y e 254 \\\
| o
500 pv
5sec i} \\l & T
WH/CR SD/H
FIGURE 3 | SRS characterization in kainic acid-induced SE (KASE) WH/CR and KASE SD/H rats. (A) WH/CR rats (n = 10) showed a significant longer latency to
the first SRS when compared to SD/H (n = 8). Mann-Whitney U test. ***p < 0.0001. (B) SRS frequency during the chronic period. A significant higher number of
SRS per day was demonstrated for the SD/H rats compared to the WH/CR rats 12 weeks post-status epilepticus (SE). Red and blue dots represent WH/CR and
SD/H, respectively, following modified protocol; brown dots represent SD/H following Hellier protocol. Mann-Whitney U test. *p < 0.01 after considering only
animals that underwent modified SE protocol. (C) The duration of SRS was similar in both strains. (D) WH/CR and SD/H were characterized by different distribution
of SRS. ***p < 0.0001. Fischer’s exact test. (E) Representative spontaneous electrographic seizure (S4) during chronic period (12 weeks post-SE) of a WH/CR and
SD/H rat. Arrows indicate the onset and the end of the seizure. (F) The circadian distribution of SRS was similar in both strains with a higher frequency of SRS
during the light phase. WH/CR n = 10 and SD/H n = 6 (C,D,F). WH/CR, Wistar Han/Charles River; SD/H, Sprague-Dawley/Harlan; SRS, spontaneous recurrent
seizures; d, days. Graph B is reported as mean + SD.

following both protocols (Hellier protocol = 14/14, modified
protocol = 6/6). To compare SRS outcome parameters side-by-
side between the two strains, only data following the modified
protocol were included. After excluding the non-seizing KASE
WHY/CR rats, the number of SRS per day was still significantly
lower compared to KASE SD/H rats [WH/CR = 0.46 SRS/day
(IQR = 0.12-0.75), SD/H = 6.78 SRS/day (IQR = 0.96-17.98);
p < 0.01] (Figures 3B,E). The average duration of SRS was
similar in the two strains [WH/CR = 39.5s (IQR = 38.2-41.4 s),
SD/H = 42.5 s (IQR = 38.2-46.5 s)] (Figure 3C), whereas the
SRS severity was significantly different between the two strains
(p < 0.0001) (Figure 3D). Finally, both strains displayed a
similar SRS distribution between light phase (WH/CR = 72%;
SD/H = 62%) and dark phase (WH/CR = 28%; SD/H = 38%)
of the day (Figure 3F).

Neuronal Loss Is More Extensive in KASE
WH/CR Rats than KASE SD/H Rats

One week post-SE significant neuronal loss was present in all
hippocampal sub-regions and PC in KASE WH/CR rats in com-
parison to control rats (p < 0.05) (Figure 4). On the contrary, in

the SD/H rats, significant neuronal loss was found only in CA3
and DH. In addition, KASE WH/CR rats showed significant
neuronal loss in CA1 and CA4 compared to KASE SD/H animals
(p < 0.05).

Twelve weeks post-SE, significant neuronal loss was observed
for all investigated regions in KASE WH/CR compared to the
control rats (p < 0.05) (Figure 4), while significant neuronal loss
was limited to CA3, DH, and PC in KASE SD/H rats compared
to the controls (p < 0.05).

KASE WH/CR and SD/H Rats Show Similar
0X-42 Immunoreactivity Only at Subacute

Phase
Kainic acid-induced status epilepticus WH/CR rats displayed
increased OX-42 immunoreactivity compared to controls in
hippocampal sub-regions and PC 1 week post-SE (p < 0.01)
(Figure 5). In KASE SD/H rats, only CA3 and PC were sig-
nificantly increased compared to control SD/H rats (p < 0.05)
(Figure 5).

Twelve weeks post-SE microglial activation was relatively
less evident, however, it was still significantly increased in KASE
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FIGURE 4 | Neuronal loss in KASE WH/CR and KASE SD/H rats. (A) Representative KASE and control rats 1 and 12 weeks post-status epilepticus (SE). At both
time points, a significant difference could be demonstrated for the investigated regions (B-F) between the respective control and KASE WH/CR animals, while for
the SD/H animals only in CA3 and DH 1 week post-SE, and CA3, DH, and PC 12 weeks post-SE (C,E,F). In addition, for the CA1 and CA4 sub-regions, significant
higher neuronal loss could be demonstrated for the KASE WH/CR animals compared to KASE SD/H rats 1 week post-SE. Kruskal-Wallis test with post hoc Dunn’s
test (B-F). 1 week post-SE: control WH/CR n = 5, KASE WH/CR n = 10, control SD/H n = 5 and KASE SD/H n = 9; 12 weeks post-SE: control WH/CRn =7,
KASE WH/CR n = 6, control SD/H n = 6 and KASE SD/H n = 6. Insets were taken at 10x magnification. Scale bar = 50 um. *p < 0.05, *p < 0.01. WH/CR, Wistar

epilepticus.

Han/Charles River; SD/H, Sprague-Dawley/Harlan; w, week; CA, cornu ammonis; DH, dentate hilus; PC, piriform cortex; KASE, kainic acid-induced status

WH/CR animals compared to controls in all the investigated
regions (p < 0.01) (Figure 5). On the other hand, in KASE SD/H
animals, increased OX-42 immunoreactivity was confined to PC
(p < 0.05) (Figure 5F).

TSPO Displays Different Upregulation

Patterns in KASE WH/CR and SD/H Rats
During subacute phase, KASE animals of both strains had signifi-
cantly increased TSPO-specific binding in all evaluated regions

compared to controls (p < 0.05) (Figure S2 in Supplementary
Material). Accordingly, the TSPO focal binding was similar
between the two KASE groups (Figures 6A,B), whereas TSPO%
area was significantly increased in KASE SD/H rats compared to
KASE WH/CR in CA1 and DH (p < 0.05) (Figure 6C).
Translocator protein upregulation was less evident 12 weeks
post-SE, nevertheless all evaluated brain regions were increased
in KASE SD/H compared to control SD/H rats (p < 0.01) and a
significant increase in TSPO-specific binding was also demon-
strated in the CA1 of KASE WH/CR rats compared to controls

Frontiers in Neurology | www.frontiersin.org

November 2017 | Volume 8 | Article 588


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Bertoglio et al.

KASE Models of TLE

KASE

A w WH/CR o - SD/H 12w
) Oo—— D\, 2 O B W
2 = 5 % i
3
(] #
‘:/' ' D/ 5 £ D/ i D/ _

-
o
i

@
-

o
&

0X-42 % area in CA4
»
=]

N
T

L

=1 control WH/CR
KASE WH/CR

=1 control SD/H

KASE SDH

N
AN
RN

hilus; PC, piriform cortex; KASE, kainic acid-induced status epilepticus.

B C
1007 1007
p— © god
3w g
£ £
e 604 601
g 5
X 401 S = 404
3 \ 3
NN .
N
0 — — — NN\ R 04 — ——
1w 12w 1w
E F
1001 1007
so{ _
I 6o 801
] 2 -
£ 40 £
8 201 g 601
g g
= 107 N\ =
§ 9 i\\\i ;“},40-
4] 20
21 = S
ol = = £ = D J
1w 12w 1w

12w

FIGURE 5 | Microglial activation in KASE WH/CR and KASE SD/H rats. (A) Representative KASE and control rats 1 and 12 weeks post-status epilepticus (SE). For
all investigated regions, a significant difference could be demonstrated between WH/CR controls and KASE rats 1 week post-SE as well as 12 weeks post-SE
(B-F). For the SD/H rats, this was only observed for the CA3 sub-region of the hippocampus and PC 1 week post-SE, while only in PC during the chronic period.
Kruskal-Wallis test with post hoc Dunn’s test (B-F). *p < 0.05, **p < 0.01, **p < 0.001. 1 week post-SE: control WH/CR n = 4-5, KASE WH/CR n = 8-10, control
SD/H n = 5 and KASE SD/H n = 6; 12 weeks post-SE: control WH/CR n = 5-6, KASE WH/CR n = 7, control SD/H n = 4-6 and KASE SD/H n = 6-8. Insets were
taken at 10x magnification. Scale bar = 100 pm. WH/CR, Wistar Han/Charles River; SD/H, Sprague-Dawley/Harlan; w, week; CA, cornu ammonis; DH, dentate

(p < 0.05) (Figure S3 in Supplementary Material). Interestingly,
TSPO focal binding was significantly higher in KASE WH/CR
rats compared to KASE SD/H animals in CAl, CA3, and DH
(p < 0.05) (Figure 6B), whereas TSPO% area between the two
KASE groups did not differ in any investigated region (Figure 6C).

Neurodegeneration Is More Extensive in
KASE WH/CR than KASE SD/H Rats and
Continues in the Chronic Phase Reflecting

Neuronal Loss and Microglial Activation
During the subacute phase, KASE WH/CR rats displayed signifi-
cant neurodegeneration in CA1, CA3, DH, and PC compared to

controls (p < 0.01), while for the KASE SD/H animals, this was
observed only in PC (p < 0.05) (Figure 7). In addition, KASE
WHY/CR displayed a significantly higher number of FjC positive
neurons in DH compared to KASE SD/H (p < 0.05). The number
of FjC-positive cells during the subacute phase inversely correlated
with the number of neurons in all investigated regions (R = —0.46
to —0.77; p < 0.05) (Figure S4 in Supplementary Material). In
addition, the number of FjC-positive cells during the subacute
phase correlated with the % area of OX-42 immunoreactivity in
all investigated regions (R = 0.55 to 0.94; p < 0.01) (Figure S5 in
Supplementary Material).

Kainic acid-induced status epilepticus WH/CR animals
displayed ongoing neurodegeneration even during the chronic
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FIGURE 6 | TSPO focal binding and % area in WH/CR and SD/H rats. (A) Representative autoradiograms showing TSPO expression 1 and 12 weeks post-status
epilepticus (SE). (B) TSPO focal binding in the subacute phase was similar for the two strains, while in the chronic phase, it was higher for the KASE WH/CR rats for
all the brain regions except for the CA4 and PC when compared to KASE SD/H animals. (C) The TSPO% area was significantly increased in the KASE SD/H animals
in the CA1 and DH when compared to the KASE WH/CR rats 1 week post-SE. Twelve weeks post-SE no differences could be determined. Mann-Whitney U test
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Harlan; w, week; CA, cornu ammonis; DH, dentate hilus; PC, piriform cortex; KASE, kainic acid-induced status epilepticus.

epilepsy period in the CA1, CA4, and PC when compared to the
controls (p < 0.05). Whereas for the SD/H animals, neurode-
generation was limited to the PC at the chronic phase (p < 0.05)
(Figure 7). Accordingly, in CA1 and CA4 sub-regions, a signifi-
cant higher number of degenerative neurons was observed for the
KASE WH/CR animals compared to KASE SD/H rats (p < 0.05).

DISCUSSION

In this study, we describe two rat strains subjected to the KASE
model and their differences in seizure phenotype and neuropa-
thology. We also compared the Hellier protocol and a modified
milder protocol for SE induction to determine the most suitable
protocol in terms of mortality.

Using the Hellier protocol to induce SE led to high mortality in
the WH/CR rats, which underlined the impossibility to use such
protocol in this rat strain. When continuing with the modified
protocol (2.5 mg/kg for repeated injections), this was well toler-
ated by both WH/CR and SD/H rats and resulted in a SE with
similar severity and duration. This modified protocol allowed to
substantially increase the survival of WH/CR rats without affect-
ing the SE, thus reducing the overall number of animals needed
in agreement with the refinement and reduction principles of the
in vivo research.

Although only timing and dose of the repeated KA injections
differed between the Hellier and our modified protocol, these
results seem to suggest that the WH/CR rats handle KA differ-
ently than SD/H rats, which showed no/minimal mortality with
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FIGURE 7 | Neurodegeneration in KASE WH/CR and KASE SD/H rats. (A) Representative CA1 and CA4/DH images for KASE rats 1 and 12 weeks post-status
epilepticus (SE). During both subacute and chronic phases, KASE WH/CR displayed an overall more extensive neurodegeneration than KASE SD/H in the
investigated regions (B-F). Kruskal-Wallis test with post hoc Dunn’s test (B=F). *p < 0.05, **p < 0.01. One week post-SE: control WH/CR n = 4-5, KASE WH/CR
n = 8-10, control SD/H n = 5 and KASE SD/H n = 6; 12 weeks post-SE: control WH/CR n = 5-6, KASE WH/CR n = 7, control SD/H n = 4-6 and KASE SD/H
n = 6. Representative images: CA1 = 40x magnification, CA4/DH = 20x magnification. Scale bar = 50 ym. WH/CR, Wistar Han/Charles River; SD/H,
Sprague-Dawley/Harlan; w, week; CA, cornu ammonis; DH, dentate hilus; PC, piriform cortex; KASE, kainic acid-induced status epilepticus.

both protocols. The large difference in mortality rate between the
WH/CR and SD/H rats may be due to dissimilarities in phar-
macokinetics and pharmacodynamics of KA in the WH/CR and
SD/H rats. Indeed, WH rats are reported to be more sensitive to
the excitotoxic agents including KA when compared to the SD
rats (30, 31), and this major sensitivity of WH might result in the
higher mortality observed in this strain.

The latent phase to disease onset represents a crucial period of
time to investigate mechanisms involved in epileptogenesis. Here,
we have shown how this time window is significantly shorter
in SD/H rats. During chronic epilepsy, SD/H rats displayed on

average 15 times higher SRS frequency than WH/CR animals.
These remarkable findings might suggest that the KASE WH/CR
rats are more resistant to epilepsy or they are characterized by a
slower disease progression.

The high divergence in SRS frequency of the two strains
offers the possibility to choose the most appropriate strain to
answer specific research questions. The WH/CR strain follow-
ing modified protocol is characterized by a longer latent phase
and low prevalence of SRS, meaning that it is useful to evaluate
changes during epileptogenesis. For instance, such strain can be
relevant in the identification and evaluation of risk (e.g., prenatal
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or early life stress) (32, 33) and precipitating factors (e.g., sleep
deprivation) (34), which could aggravate epileptogenesis and
seizure susceptibility. This model could be of great relevance
in the evaluation of anti-epileptogenic treatments to halt or
prevent epileptogenesis, especially to investigate the effect of
anti-inflammatory treatments on the development of epilepsy.
Given the strong microgliosis occurring in this model, it could
be preferred in the evaluation of anti-inflammatory treatments.
In addition, it is relevant to underline how WH/CR rats display
HS similar to the majority of patient with TLE (type 1 HS).
However, it is important to note that animal models with a more
equal proportion of epileptic and non-epileptic animals would be
needed to determine the specificity and sensitivity of biomarkers
to predict acquired epilepsy (35, 36).

On the other hand, the SD/H strain is characterized by a short
latent phase and high prevalence of SRS, which makes this strain
appropriate for the evaluation of novel antiepileptic treatments or
disease modification of existing epilepsy. The high SRS frequency
would allow detecting more subtle effects of the treatment on the
number and severity of SRS. Another feature of this strain is that
all the animals subjected to KASE develop SRS as also confirmed
by several independent in-house and previously published studies
(22, 25). An important downside when performing intervention
studies is the high variability in SRS frequency in this model.
We observed that a proportion of animals was having very few
seizures. This can be circumvented by pre-selection of a homog-
enous group of animals before entering the treatment study.

It is relevant to underline that several studies have demon-
strated intra- and inter-strain variations in both focal and sys-
temically induced TLE models regarding the SE and development
of SRS (37-43). WH as well as SD rats are outbred strains with
a high genetic heterogeneity and high intra-strain variation (37,
44). Moreover, epigenetic and environmental factors, including
vendor-related effects, can also be important contributors in the
intra-strain differences seen (37, 45).

The two rat strains present different pattern of neuronal loss.
Although it may be expected that the rat strain with higher seizure
burden would be characterized by more severe neuronal loss, it is
important to underline that neuronal loss and seizure frequency
are not univocally linked to each other as supported by previous
studies (17, 46-49). Indeed, we observed that the KASE WH/CR
rats had neuronal loss across all the investigated regions, while
the KASE SD/H rats showed focal neuronal loss mainly in the PC.
The two different patterns suggest neuronal loss could be the
resultofdifferent processes. In particular, possible mechanisms
involved in the extensive neuronal loss in CAl of WH/CR
animals could be a consequence of hypoxia and ischemia,
which are known to occur during SE (50), and their effects
could be more pronounced in this strain. Another possible
explanation could be that WH/CR rats are more susceptible to
the neurotoxic effect of KA and/or seizure-induced excitotoxic-
ity, leading to increased cell loss as well as higher mortality.

The strong inflammatory response seen with both OX-42 and
TSPO 1 week post-SE might be mainly driven by response to the
primary injury, which was similar for both strains when using
the modified induction protocol. This is supported by studies
showing that high microglial activation is typically seen during

the early phases of disease ontogenesis in different models of
CNS injury (51-53). During the chronic period, the % area of
microglial activation was overall reduced, however, still strongly
increased in PC of both strains, and hippocampal sub-regions of
WHY/CR. In addition, chronic neurodegeneration was strikingly
different between the two rat strains. The extensive neurodegen-
eration in WH/CR animals suggests the presence of abundant cell
death, which might be the result or cause of the chronic microglial
response seen in KASE WH/CR, explaining the higher TSPO
focal binding seen in WH/CR compared to SD/H. Indeed, the
high levels of cellular debris derived from the neuronal loss may
trigger chronic microglial activation promoting neurodegenera-
tion and establishing a vicious cycle that persists during chronic
epilepsy. Inaccordance, a previous study (54) reported concurrent
neurodegeneration and microgliosis in WH rats during chronic
epilepsy in the KASE model of TLE. On the contrary, for SD/H
rats, neuronal loss may be only related to SE insult, as previously
shown (17), and the occurrence of SRS may result in a limited
involvement of microglial activation and neurodegeneration
in hippocampus as previously reported (48, 55). Furthermore,
in agreement with our finding, neurodegeneration in the para-
hippocampal regions has been reported until 3 months’ post-SE
in the KASE model of TLE in SD rats (56).

In conclusion, we described two rat strains subjected to KASE,
one with a low (WH/CR) and one with a high (SD/H) prevalence
of SRS during the chronic period. The differences in disease
progression and seizure outcome between strains may help to
select the appropriate strain to study different research questions,
including mechanisms of epileptogenesis, the search for prognos-
tic factors, and the effect of treatments. In particular, these strain-
related seizure phenotype and neuropathology indicate WH/
CR as a more appropriate strain to investigate epileptogenesis,
while SD/H to develop antiepileptic treatments. This work also
confirms that in the same epilepsy model, the disease outcome
can develop with different timing, features, and severity in dif-
ferent strains. This provides valuable information to reduce time,
variables, and number of animals needed to achieve the specific
research question in future studies. In addition, studying these
diverging strains may lead to new insights regarding mechanisms
underlying epilepsy.
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FIGURE S1 | Representative delineation of the investigated regions.

FIGURE S2 | TSPO-specific binding 1 week post-SE in WH/CR and SD/H rats.
For all brain regions and for both strains studied, a significant difference could be
demonstrated between control and KASE animals 1 week post-SE.
Kruskal-Wallis test with post hoc Dunn'’s test. *p < 0.05, **p < 0.01,

***p < 0.001. KASE, kainic acid-induced status epilepticus; TSPO, translocator
protein; status epilepticus, SE.

FIGURE S3 | TSPO-specific binding 12 weeks post-SE in WH/CR and SD/H
rats. In the KASE WH/CR animals, increased TSPO-specific binding 12 weeks
post-SE could only be demonstrated in the CA1 when compared to control
WH/CR rats. On the contrary, KASE SD/H rats showed a significant increase
in all regions investigated compared to control SD/H animals. Kruskal-Wallis
test with post hoc Dunn’s test. *p < 0.05, **p < 0.01, **p < 0.001. KASE,
kainic acid-induced status epilepticus; TSPO, translocator protein; status
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