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quite complicated to design and interpret, so animal studies of behavioral impairments associated with seizures
can be of use. We investigated the effect of early administration of endocannabinoid receptor agonist WIN-
55,212-2 on the development of spontaneous seizures, long-term behavioral and memory impairments, and
neurodegeneration in the hippocampus on the lithium-pilocarpine model of status epilepticus (SE). We also
studied the role of spontaneous seizures in the development of pathologic consequences of the SE. Our results
showed that behavioral impairments found in the elevated plus maze test depended mostly on the consequences
of SE itself and not on the development of spontaneous seizures while hyperactivity in the open-field test and
light-dark chamber was more prominent in rats with spontaneous seizures. Administration of WIN-55,212-2 de-
creased emotional behavior in the elevated plus maze but did not affect hyperactive behavior in the open-field
test. Spatial memory impairment developed both in the presence or absence of spontaneous seizures and was
not affected by administration of WIN-55,212-2. Both administration of endocannabinoid receptor agonist
WIN-55,212-2 and the presence of spontaneous seizures affected SE-induced neuronal loss in the hippocampus.
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1. Introduction

There is growing evidence of close association between epilepsy and
behavioral disorders including mood disorders and learning and mem-
ory impairments both in clinical and experimental models [1-6]. Mood
and anxiety disorders are common comorbidities in patients with epi-
lepsy and occur 2-3 times and, in some sources, up to 10 times more
often in such patients than in general population [7-9]. Cognitive disor-
ders are also a concern in treating patients with epilepsy. It has been re-
ported that cognitive impairments occur in 40% of children and
adolescents with epilepsy [10]. Psychiatric comorbidities and cognitive
impairment are significant factors decreasing quality of life in patients
with epilepsy [5,10]. There is evidence that anxiety is a stronger predic-
tor of poor quality of life than depression despite their similar preva-
lence in patients with epilepsy [11,12].

Clinical studies of psychiatric comorbidities can be quite compli-
cated to design and interpret, since in patients, especially with uncon-
trolled seizures, depression and anxiety could be related to the fear of
a seizure occurring, socioeconomic impact of their diagnosis, or psycho-
tropic effect of antiepileptic drug (AED) therapy [2]. Hence, animal

* Corresponding author.
E-mail address: e.m.suleymanova@gmail.com (E.M. Suleymanova).

https://doi.org/10.1016/j.yebeh.2018.12.001
1525-5050/© 2018 Elsevier Inc. All rights reserved.

studies of behavioral impairments associated with seizures can be of
some importance. Lithium-pilocarpine rat model is an established
model that reproduces the main features of human status epilepticus
(SE) with subsequent development of temporal lobe epilepsy with hip-
pocampal sclerosis [13-15]. In this model, lithium-pilocarpine SE plays
arole of an initial insult, which is followed by the development of recur-
rent spontaneous seizures several weeks later [16-18]. This model is
characterized by a certain pattern of brain damage involving mainly
the hippocampal fields and dentate gyrus, entorhinal and piriform cor-
tex, amygdala, and thalamus [18-20]. Behavioral impairments in rats
after SE have been also reported. Rats displayed enhanced intragroup
aggression [21], increased locomotor activity [22], reduced anxiety-
like behavior [22,23], and depression-like behavior [24-26]. Memory
impairments are also commonly found in rats after pilocarpine or lith-
ium-pilocarpine seizures: severe working and reference memory defi-
cits [21], and spatial memory impairments [22,27]. Therefore, rodent
models of acquired chronic epilepsy, such as lithium-pilocarpine
model, are characterized by a wide range of neurobehavioral impair-
ments, some of which could be equivalents of certain comorbidities of
epilepsy in humans.

Endocannabinoid system is known to be a primary regulator of syn-
aptic transmission [28]. Endocannabinoid CB1 receptors are located at
the presynaptic membranes and carry out “on-demand” retrograde
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inhibition of neurotransmitter release [29]. Many studies have shown
that endocannabinoid receptors play an important role in the termina-
tion of seizure activity. Activation of endocannabinoid receptors has an-
ticonvulsant effect [30-33]; endocannabinoid antagonists facilitate
seizure activity [34,35]. It was shown that endocannabinoid receptor
agonists have a neuroprotective effect in vivo and in vitro [36-39].

Our goal was to investigate the effect of a potent nonselective
endocannabinoid receptor agonist WIN-55,212-2 on the development
of spontaneous seizures, behavioral and memory impairments, and
neurodegeneration in the chronic period after SE. Most existing studies
are focused on the behavioral impairments in post-SE epileptic rats,
while seizure-free survived after SE animals are excluded from the
study. Therefore, we have investigated which factor contributed to the
development of behavioral impairments: neuropathology induced by
the initial impact (SE) or they emerge secondary to the spontaneous
seizures.

2. Materials and methods
2.1. Animals

The study was carried out on adult male Wistar rats weighing 350-
370 g at the beginning of the experiments. Animals were kept under the
controlled environmental conditions (23-25 °C, 12 h light/dark cycle)
with free access to water and standard laboratory food. All animal ex-
periments were carried out according to the EU Directive 2010/63/EU
for animal experiments and approved by the local bioethical committee.

2.2. Drugs

The study was carried out on the lithium-pilocarpine model of SE.
Rats were treated with 127 mg/kg lithium chloride (Acros Organics,
USA) 24 h before the induction of seizures. Status epilepticus was in-
duced by administration of 25 mg/kg pilocarpine hydrochloride
(Sigma, USA) and terminated by administration of 25 mg/kg pentobar-
bital (Ceva Sante Animale, France). A potent agonist of CB1 and CB2 re-
ceptors WIN-55,212-2 (Sigma, USA) was administered 4 h after
termination of SE. Lithium chloride and pilocarpine were freshly dis-
solved in 0.9% saline. WIN-55,212-2 was dissolved in 5% dimethyl sulf-
oxide (DMSO) (Sigma, USA) and 1% Tween-80 (Panreac, Spain). All
drugs were injected intraperitoneally.

2.3. Video monitoring

Four months after SE, rats were video-monitored to detect sponta-
neous motor seizures. The video was recorded using a 4-channel
video-monitoring system (Best DVR, Russia) and digital mini video
cameras with 6-mm lens placed above the cages with animals. The
video was recorded at 25 frames per second and a resolution of 352 x
288 pixels. During the dark hours, recordings were carried out under
dim red light. Animals were video-monitored for 7 days. Videos were
analyzed manually; clonic and tonic-clonic seizures were detected visu-
ally and scored according to the Racine scale [40].

2.4. Behavioral tests

After the video monitoring was completed, a series of behavioral
tests was carried out. All behavioral tests took place in a separate
room for behavioral testing. Animals were moved there from the vivar-
ium for no less than 1 h before the start of the experiment.

All experiments were video-recorded and analyzed using EthoVision
tracking system (Noldus, the Netherlands). Tests were carried out with
24 h intervals. Animals included in the study did not have seizures at
least 1 h before the behavioral tests.

2.4.1. Elevated plus maze

Elevated plus maze (EPM) test was performed in a black plus maze
apparatus with two open and two closed arms. The maze was 110 x
110 cm in size and elevated 50 cm above the floor. Animals were put in
the center of the maze facing the same open arm. Each rat spent 5 min
in the maze. If animals fell from the maze, they were put back immedi-
ately. Since it was shown that falls from the plus maze do not affect the
results of statistical analysis [23], we decided to not exclude such rats
from the experiment.

2.4.2. Light-dark box

An additional anxiety test was carried out in a light-dark box
consisting of brightly lit “light” compartment and closed “dark” com-
partment. Animals were put in the light compartment heading the en-
trance to the dark compartment entrance. Each experimental session
was video-recorded for 5 min.

2.4.3. Open-field test

Locomotor activity of rats was evaluated in a black circular arena
100 cm in diameter and 30 cm high walls. The open field was brightly
lit. Animals were put in the center of the arena. The behavior in the
open field was video-recorded for 5 min.

2.4.4. Morris water maze

The long-term spatial memory was tested in a circular pool (diameter:
150 cm, height: 60 cm) with black walls filled with water (24 £ 1 °C).
Spatial cues were present in the experimental room. A hidden platform
made of clear acrylic glass was placed in the southwest quadrant for
five days. Each animal was subjected to 4 consecutive trials per day that
started from various starting points as described in [41]. Each trial lasted
for no more than 60 s; if rats could not find the platform during this time,
they were gently guided there by the experimenter. On day 6, the probe
trial was carried out to assess the spatial memory formation. For this pur-
pose, the platform was removed, and rats were placed in the pool for 60 s.

2.5. Histology

After the behavioral tests were completed, rats were anesthetized
and perfused transcardially with phosphate buffered saline and 4%
paraformaldehyde. Brains were removed, fixated in 4% paraformalde-
hyde, cryoprotected in 20% sucrose, frozen, and stored at —20 °C.
Twenty-micrometer coronal slices were obtained, mounted on slides,
and stained with Cresyl violet.

Neuronal density was assessed in dorsal and ventral CA1 and CA3
fields of dorsal and ventral hippocampus and in the hilus of dentate
gyrus. For this purpose, cells were counted; high-resolution images
were obtained using BZ-9000 fluorescence microscope (Keyence,
Osaka, Japan). Cell counts were assessed in three 0.023-mm? fields of
view for three consecutive slices for CA1 and CA3 fields and in seven
0.011-mm? fields of view on three consecutive slices for the hilus of
the dentate gyrus; and then, cell density per 0.1 mm was calculated.
Cell counting was performed using Image] software by an observer
blinded to the treatment. Only neurons with a cell body larger than
0.01 mm were counted.

2.6. Statistical analysis

The statistical analysis was carried out using Statistica 7.0 and
GraphPad Prism 6 software. The samples were tested for normality visu-
ally by distribution histograms and using the Kolmogorov-Smirnov test.
Two-way analysis of variance (ANOVA) (treatment, presence of sponta-
neous seizures, and their interaction treatment x seizure factors) and
repeated measures ANOVA (for the analysis of the performance in the
open field and Morris water maze) with Tukey post hoc test were
used to analyze the behavioral data and neuronal counts. Incidence
and frequency of seizures were compared using nonparametric
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Mann-Whitney U-test and Fisher test. Data were presented as mean 4+
standard error of the mean (SEM). Differences were considered signifi-
cant at p <0.05.

3. Results
3.1. Lithium-pilocarpine SE

Rats treated with lithium chloride and pilocarpine developed severe
clonic and tonic-clonic convulsions (stages 3 and 4 [40]) that lasted the
whole 90 min of the experiment before pentobarbital injection. After
pentobarbital injection, rats remained anesthetized for about 4 h. After
that, rats awakened and regained posture. Animals were randomly
grouped for the treatment; no significant differences in the severity of
seizures were found between the groups. The following experimental
groups were studied: 1) control rats that did not receive pilocarpine
and were not subjected to SE (n = 10); 2) vehicle-treated rats that sur-
vived after SE and received vehicle (5% DMSO and 1% Tween-80) (n =
12); 3) WIN-treated rats that survived SE and received WIN-55,212-2
(n=12).

3.2. Spontaneous seizures

Video monitoring conducted 4 months after SE showed that both
WIN-treated and vehicle-treated rats experienced spontaneous sei-
zures. The frequency of seizure episodes did not differ significantly be-
tween these two groups and were 0.48 + 0.17 and 0.88 + 0.31
seizures per day in the vehicle-treated (SE + vehicle, n = 12) and
WIN-treated (SE + WIN, n = 12) groups respectively (p = 0.49,
Mann-Whitney U tests). The incidence of seizures also did not change
in WIN-treated rats in comparison with vehicle-treated rats: spontane-
ous seizures appeared in 6 out of 12 (50.00%) and 7 of 12 (58.33%)
video-monitored vehicle and WIN-treated rats respectively (p = 0.34,
Fisher test). Thus, experimental animals were divided into epileptic
(with spontaneous recurrent seizures (SRS), SE + SRS, n = 13) and
nonepileptic (seizure-free, SE 4+ no SRS, n = 11). We could, in some
cases, conduct the analysis of the cross-effect of chronic seizures and
WIN-55,212-2 administration on the behavior and neuronal counts.

3.3. Neurodegeneration in the hippocampus

The analysis of neuronal counts in CA1 and CA3 subfields of dorsal
and ventral hippocampus demonstrated a significant reduction in the
number of pyramidal neurons in dorsal CA1 and CA3 (F(1, 34) =
6.771, p = 0.014; F(1, 34) = 4.614, p = 0.040), ventral CA1 and CA3
(F(1,34) = 19.830, p<0.001; F(1, 34) = 6.877, p = 0.014), and neu-
rons in the hilus of the dentate gyrus (F(1, 34) = 36.030, p <0.001) in
post-SE rats in comparison with the control group (no SE).

The factorial ANOVA showed a significant effect of both WIN-
55,212-2 administration (F(2, 20) = 7.550, p = 0.013 and F(2, 20) =
8.466, p = 0.009 respectively) and the presence of spontaneous

Table 1

seizures (F(2, 20) = 26.30, p <0.001 and F(2, 20) = 8.606, p = 0.008
respectively), as well as their interaction (treatment x seizure) (F(2,
20) = 6.350, p = 0.021 and F(2, 20) = 6.880, p = 0.016) on the neuro-
nal counts in the ventral CA3 and dentate hilus (Table 1). The post hoc
analysis of the treatment x seizure effect revealed that the number of
ventral CA3 pyramids of vehicle-treated epileptic rats was significantly
reduced in comparison with nonepileptic rats and WIN-treated epilep-
tic rats (p <0.01, Tukey post hoc test). In the hilus, the number of
neurons in vehicle-treated and epileptic WIN-treated rats was signifi-
cantly lower than in nonepileptic WIN-treated rats (p <0.01, Tukey
post hoc test). Epileptic rats generally had lower neuronal counts
(Table 1), and the difference between vehicle-treated and WIN-treated
rats was significant in the ventral CA3 of epileptic rats and dentate hilus
of nonepileptic rats (Table 1). Therefore, the neuroprotective effect of
WIN-55,212-2 appeared in selected hippocampal fields depending on
the presence of spontaneous seizures.

3.4. Behavioral impairments in the chronic post-SE period

3.4.1. Elevated plus maze

In the elevated plus maze, the following parameters were studied:
traveled distance, time spent in the open arms of the maze, the number
of entries to the open arms, grooming, rearing, and the number of defeca-
tions. Vehicle-treated rats that survived SE spent more time in the open
arms (F(2, 34) = 5518, p = 0.009, Tukey post hoc test); WIN-treated
rats were not significantly different from the control group (p = 0.159,
Tukey post hoc test) (Fig. 1B). The presence of spontaneous seizures
did not have a significant effect on time spent in the open arms of a maze.

All rats that survived after SE made more entries to the open arms (F
(2,34) = 3.664, p = 0.037, Tukey post hoc test) (Fig. 1C) and demon-
strated a significantly decreased number of grooming acts (F(2, 34) =
16,370, p = 0.0001, Tukey post hoc test) (Fig. 1F); a decrease in the
number of rearings was not statistically significant (F(2, 34) = 3.136,
p = 0.058) (Fig. 1E). Treatment with WIN-55,212-2 or the presence of
spontaneous seizures did not significantly affect these parameters.

The number of defecations was significantly increased in the group
of vehicle-treated rats (F(2, 34) = 5.756, p = 0.007) in comparison
with the control group (Tukey post hoc test p = 0.008) and WIN-
treated rats (Tukey post hoc test p = 0.04) (Fig. 1G).

No differences in traveled distance and time in the center of the
maze were found between the studied groups (Fig. 1A).

3.4.2. Open-field test

The following parameters were analyzed in the open-field test: dis-
tance moved, time in the center, number of entries to the center,
rearings, grooming acts, and the number of defecations. Rats that sur-
vived after SE were significantly more active in comparison with control
rats. The analysis of variance showed that distance traveled (F(2,34) =
9,6, p = 0.004), the number of entries (F(2, 34) = 3,7, p = 0.036), and
time spent in the center of the arena (F(2, 34) = 3,5, p = 0.041) signif-
icantly (p <0.05) increased in the post-SE animals. The number of

Neuronal counts in WIN- or vehicle-treated epileptic and nonepileptic rats (number of neurons per 0.1 mm? in dorsal and ventral CA1 and CA3 fields, and per field of view in the hilus). No
SE — control rats without SE; SE + vehicle — rats received vehicle 4 h after SE; SE + WIN — rats received 5 mg/kg WIN-55,212-2 4 h after SE; SE + SRS — rats with spontaneous recurrent
seizures recorded 4 months after SE; SE + no SRS — rats with no spontaneous recurrent seizures 4 months after SE. Data are shown as mean 4 SEM.

Subgroup Hippocampal field

CA1 dorsal CA3 dorsal CA1 ventral CA3 ventral Hilus
No SE 174.59 + 6.60 138.57 & 3.29 22893 4 13.67 147.10 £ 7.67 5.06 4 0.25
SE + vehicle 136.51 + 16.31 123.21 + 5.55 148.70 + 20.57" 100.61 + 12.32" 2514017
SE + WIN 135.93 + 17.13 117.87 + 7.74 133.65 + 15.87" 125.02 + 8.45* 3.27 +0.35"#
SE + SRS 121.00 + 16.86" 11847 £ 6.17 12257 4+ 10.07" 9337 + 8.99°@ 251 +0.16"@
SE + no SRS 155.99 + 13.05 122.96 + 7.39 162.00 + 18.83" 138.59 + 7.11 334+ 037"

* Significant difference at p < 0.01 in comparison with the control group.

* A significant effect of treatment with WIN-55,212-2 in comparison with respective vehicle-treated group at p < 0.05.
@ A significant effect of the presence of spontaneous seizures at p < 0.05, two-way ANOVA with Tukey post hoc.
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Fig. 1. Behavioral parameters in the elevated plus maze. (A) The distance moved in the maze. Activity per min is shown; (B) time spent in the open arms of the maze, s; (C) number of exits
to the open arms; (D) time in the center of the maze, s; (E) number of rearings; (F) number of grooming acts; (G) number of defecations. No SE — control rats without SE; SE + vehicle —
rats received vehicle 4 h after SE; SE + WIN — rats received 5 mg/kg WIN-55,212-2 4 h after SE; SE + SRS — rats with spontaneous recurrent seizures recorded 4 months after SE; SE + no
SRS — rats with no spontaneous recurrent seizures 4 months after SE. * — significant difference from no SE group at p < 0.05; # — a significant difference at p <0.05 between vehicle and

WIN-55,212-2-treated rats.

grooming acts and rearings did not significantly change (Fig. 2E, F). The
analysis of the change in the locomotor activity during the test with re-
peated ANOVA showed that all studied groups demonstrated a decrease
in the traveled distance during the trial (p < 0.001, repeated ANOVA).
However, in post-SE rats, it remained increased in comparison with
the control group (Fig. 2A,B). The factorial treatment x spontaneous sei-
zure analysis of the results showed that treatment with WIN-55,212-2
did not have a significant effect on any studied behavioral parameters.
However, an increase in the traveled distance (F(2, 20) = 7261, p =
0.014) and center entries (F(2, 20) = 4,8, p = 0.040) depended on the
presence of spontaneous seizures: these parameters were significantly
increased in epileptic rats while nonepileptic rats were not different
from the control (Fig. 2B, D).

3.4.3. Light-dark box

The studied parameters were the number of transitions and time in
the light compartment. Rats with spontaneous seizures demonstrated a
significant increase in the number of exits to the light compartment (F
(2,34) = 4.116, p = 0.026, Tukey post hoc test). Rats without sponta-
neous seizures were not different from controls (Fig. 3A). WIN-
55,212-2 administration did not have an effect on any studied behav-
ioral parameters in the light-dark test. No statistically significant differ-
ences in time spent in the light compartment were found between the
groups (Fig. 3B).

3.4.4. Morris water maze

The analysis of the performance of rats in the Morris water maze
showed that the distance swam to the hidden platform significantly de-
creased in the control rats during learning from day 1 to 5 but did not
significantly change in the post-SE rats (repeated measures ANOVA, p
<0.001, Tukey post hoc) (Fig. 4A, B). Rats that survived after SE also
spent less time in the target quadrant of the water maze in comparison
with the control rats (F = 12,52, p <0.001, ANOVA, Tukey post hoc)
(Fig. 4c). Administration of WIN-55,212-2 did not have any significant
effect on the performance in the test. Both epileptic and nonepileptic

rats demonstrated a prominent disruption of learning in the Morris
water maze.

Velocity of movement in the water maze did not differ between the
control animals and post-SE animals; and no major sight deficiencies
were detected in the test with a visible platform.

4. Discussion

Our main findings include the following: 1) behavioral impairments
found in the elevated plus maze test depended mostly on the conse-
quences of SE itself and not on the development of spontaneous seizures;
2) hyperactivity in the open-field test and light-dark box was more
prominent in rats with spontaneous seizures; 3) administration of potent
endocannabinoid receptor agonist decreased emotional behavior in the
elevated plus maze but did not affect hyperactive behavior in the open-
field test; 4) spatial memory impairment was developed regardless of
the presence of spontaneous seizures in both vehicle- and WIN-55,212-
2-treated rats after SE; 5) early administration of endocannabinoid re-
ceptor agonist after SE did not prevent the development of spontaneous
seizures; 6) both administration of endocannabinoid receptor agonist
WIN-55,212-2 and the presence of spontaneous seizures affected neuro-
nal loss in the hippocampus after SE.

In this study, we did not find any long-term antiepileptogenic effect
of single post-SE WIN-55,212-2 administration: both WIN-55,212-2-
treated and vehicle-treated rats developed spontaneous seizures 4
months after SE, and the occurrence of spontaneous seizures did not dif-
fer between these groups. Previous studies have shown early
antiepileptogenic effect (for two weeks) in pilocarpine-induced sei-
zures and in kindling models [39,42]. Long-term effects in the chronic
period after SE were found for repeated post-SE activation of the
endocannabinoid system (7-15 days) [43,44].

Our results indicate that both the presence of spontaneous seizures
and treatment with WIN-55,212-2 affected the development of hippo-
campal neurodegeneration. The largest neuronal loss was found in vehi-
cle-treated epileptic rats; and in the nonepileptic WIN-55,212-2-treated
rats, on the contrary, neurodegeneration was the least prominent. The
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the center of the arena, s; (D) — number of exits to the center of the arena; (E) — number of rearings; (F) — number of groomings. No SE — control rats without SE; SE + vehicle — rats
received vehicle 4 h after SE; SE + WIN — rats received 5 mg/kg WIN-55,212-2 4 h after SE; SE + SRS — rats with spontaneous recurrent seizures recorded 4 months after SE; SE + no
SRS — rats with no spontaneous recurrent seizures 4 months after SE. * — significant difference from no SE group at p < 0.05, # — significant difference between the start and the end of
the trial at p < 0.05, @ — significant difference between epileptic and nonepileptic groups at p < 0.05.

partial protective effect of WIN-55,212-2 was found in the ventral CA3.
Cells in the hilus of the dentate gyrus in nonepileptic rats were the most
sensitive to the effect of WIN-55,212-2, but no neuroprotection was
found in this region of epileptic rats. The hilus of dentate gyrus contains

mossy fibers, mossy cells, and gamma-aminobutyric acid (GABA)ergic
interneurons [45]. Mossy cells are unique for the dentate hilus [46]
and are extremely sensitive to excitotoxic damage [47]. Our present
findings show that endocannabinoid agonist administration after SE
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Fig. 3. Behavioral parameters in the light/dark box test. (A) Number of transitions between dark and light compartments; (B) time spent in the light compartment, s. No SE — control rats
without SE; SE + vehicle — rats received vehicle 4 h after SE; SE + WIN — rats received 5 mg/kg WIN-55,212-2 4 h after SE; SE + SRS — rats with spontaneous recurrent seizures recorded
4 months after SE; SE + no SRS — rats with no spontaneous recurrent seizures 4 months after SE. * — significant difference from no SE group at p < 0.05.
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Fig. 4. Morris water maze test. (A), (B) — 5-day learning in the maze, X-axis shows days 1-5 of the experiment, Y-axis shows traveled distance in the maze before finding the hidden platform.
(C) — the probe trial on day 6, time spent in the target quadrant of the maze is shown. No SE — control rats without SE; SE + vehicle — rats received vehicle 4 h after SE; SE + WIN — rats
received 5 mg/kg WIN-55,212-2 4 h after SE; SE + SRS — rats with spontaneous recurrent seizures recorded 4 months after SE; SE + no SRS — rats with no spontaneous recurrent seizures 4

months after SE. * — significant difference from no SE group at p < 0.05.

prevented hilar neuron damage induced by the initial insult in seizure-
free rats, but the development of spontaneous seizures could cause fur-
ther neurodegeneration in this region.

Elevated plus maze is an established test for the assessment level of
anxiety in animals [48]. It is a well-known fact that rodents usually
avoid open spaces, so they prefer closed arms of the elevated plus
maze and stay in the periphery of the open field arena. In our study,
this behavior was typical for control rats, which did not sustain SE, but
post-SE rats demonstrated an increased time in the open arms and de-
creased time in the closed arms of the maze in comparison with the con-
trol group. Such behavior is typically attributed to the decreased anxiety
and was reported in previous studies on the lithium-pilocarpine model
of SE [22].

In addition to the elevated plus maze, we investigated the behavior
of rats in a light/dark box, which is another test on anxiety in rodents
based on their innate aversion to brightly illuminated places [49]. We
did not find significant changes in the time spent in the light compart-
ment but found a significant increase in the transitions between com-
partments in epileptic rats. An increase in the dark-light transitions
can indicate an increase in the exploratory activity of rodents in re-
sponse to mild stress — novel brightly lit environment [49,50]. Anxio-
lytics are known to increase locomotion and time spent in the light
compartment of the test apparatus [51,52]. In studies on kainic acid
[53] and diisopropylfluorophosphate [54]| SE models, post-SE rats ex-
hibited increased number of transitions to the light compartment of
the light/dark apparatus. In the pilocarpine SE model in mice, on the
contrary, a decrease in the number of transitions, distance moved, and
time in the light compartment was reported [4], but in this case, the
contradicting results could be due to the between-species differences.
In our study, the light/dark box test showed a significant increase in
number of transitions to the light compartment in rats exhibiting spon-
taneous seizures but not in nonepileptic post-SE rats. This result is sim-
ilar to the results of the open-field test, where an increase in locomotion
in the open-field test was found in rats with chronic epilepsy. Therefore,
behavior in the open field and light/dark box tests changed in the same
direction and could indicate an abnormal exploratory drive in animals
with chronic epilepsy, but not in seizure-free post-SE rats. Interestingly,

the results of these two tests are different from the elevated plus-maze
(EPM) results, where an anxiolytic-like effect and emotional response to
the stressing environment was reduced by WIN-55,212-2 administra-
tion early after SE: the agonist did not affect behavioral changes in either
open field or light/dark box tests. Some behavioral changes found in
EPM (increase in the number of defecations) are not directly related
to locomotor hyperactivity unlike the parameters of the open field and
light/dark box tests. We assume that some changes underlying behav-
ioral impairment in the EPM could be caused by the initial damage in-
duced by SE while hyperactive behavior in the open field and light/
dark box depends mostly on the secondary changes associated with
the development of spontaneous seizures. WIN-55,212-2 modulates
only changes developing early after SE.

Spatial memory impairment was observed in all rats after SE and
was apparently associated with a significant hippocampal neuronal
loss typical for the SE models [13,18,55]. The decreased learning ability
was found both in rats with spontaneous seizures and seizure-free rats
and was not affected by the administration of the endocannabinoid re-
ceptor agonist.

Endocannabinoid receptor agonists are reported to have a neuropro-
tective effect on the models of excitotoxic neuronal damage [56,57], is-
chemic brain damage [37], and traumatic brain injury [58], which is in
agreement with our results. It was shown that CB1 receptors are pri-
marily located on the cholecystokinin-containing (CCK) GABAergic in-
terneurons [59] and control neurotransmitter release from these
neurons [60], but neuroprotective effect of endocannabinoid receptor
agonists is reported to depend on less abundant subpopulation of CB1
receptors located on glutamatergic receptors [56]. In our previous
study, it was shown that a single administration of the agonist of
endocannabinoid receptors WIN-55,212-2 4 h after lithium-pilocarpine
SE suppressed spontaneous epileptiform activity in the rat cortex and
hippocampus that was observed within two weeks after the status
[39]. Thus, a single administration of an endocannabinoid receptor ago-
nist may have a sufficiently long anticonvulsant effect, which could re-
duce the excitotoxic neuronal damage in selected hippocampal areas.
However, this effect was not enough to prevent the development of be-
havioral and spatial memory impairments and spontaneous seizures.
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5. Conclusion

The results of our study demonstrate that behavioral impairments
occurring in the chronic period after SE can result from the initial impact
of SE or accompany the development of epilepsy, suggesting that differ-
ent mechanisms can underlie even seemingly close types of behavioral
comorbidities. Early post-SE administration of endocannabinoid agonist
WIN-55,212-2 attenuated behavioral changes in the elevated plus maze
and reduced neurodegeneration in the hippocampus but did not pre-
vent the development of spontaneous seizures, hyperactivity, and spa-
tial memory in the chronic period after SE.
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