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Abstract: Epilepsy or epileptic syndromes affect more than 70 million people, often comorbid with
autism spectrum disorders (ASD). Seizures are concerned as a factor for social regression in ASD.
A stepwise experimental approach to this problem requires an animal model to provoke seizures
and monitor subsequent behavior. We used rats of the Krushinsky—-Molodkina (KM) strain as a
validated inbred genetic model for human temporal lobe epilepsy, with recently described social
deficiency and hypolocomotion. Generalized tonic-clonic seizures in KM rats are sound-triggered,
thus being controlled events in drug-naive animals. We studied whether seizure experience would
aggravate contact deficits in these animals. Locomotor and contact parameters were registered in
“the elevated plus maze”, “socially enriched open field”, and “social novelty/social preference tests”
before and after sound-provoked seizures. The triple seizure provocations minimally affected the
contact behavior. The lack of social drive in KM rats was not accompanied by a submissive phenotype,
as tested in “the tube dominance test”, but featured with a poor contact repertoire. Here, we confirmed
our previous findings on social deficits in KM rats. The contact deficiency was dissociated from
hypolocomotion and anxiety and did not correlate with seizure experience. It was established that
experience of rare, generalized tonic-clonic convulsions did not lead to an impending regress in
contact motivation, as seen in an animal model of genetic epilepsy and comorbid social deficiency.
One of the oldest animal models for epilepsy has a translational potential to study mechanisms of
social behavioral deficits in future neurophysiological and pharmacological research.

Keywords: epilepsy; seizures; autism spectrum disorder; autistic disorder; anxiety; phenotype;
animal models; motivation; KM rats; Wistar rats

1. Introduction

Epilepsy and epileptic syndromes are among the main neurological comorbidities of
autism spectrum disorder (ASD). They are diagnosed in 7% of autistic children and in as
many as 19% of autistic adults [1]. Seizure history is reported as a risk factor for intellectual
disabilities and social regresses [2—4]. Experience of seizure is thought to provoke hidden
epileptogenesis, rewiring the brain and lowering the threshold for the next convulsions.

Since there is a significant rate of the ASD/epilepsy comorbidity in human patients [5,6],
ASD-like phenotypes should also be more expectable in epilepsy-prone laboratory animals,
if compared to the entity of seizure-resistant ones. So, to find an animal model for ASD,
it is reasonable to screen animal epilepsy models for ASD-like phenotypes. A possibility
to assess putative epilepsy-related effects on social deficits would bring an advantage of
accumulated epileptology knowledge to a relatively new field of neurology of ASD.

Indeed, there are several animal models of epilepsy with reported social deficits [6-10].
On the other hand, the connections between ASD and epilepsy are neither unidirectional
nor simple, both in clinical practice and basic research. In a number of animal epilepsy
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models [11-14], minor or no deficits in conspecific communications were registered. In
a mouse model [15], ASD-like and epilepsy-like behaviors did not demonstrate any ad-
ditivity, but rather counteracted. In clinics, prescriptions of antiepileptic drugs do not
help to mitigate ASD phenotypes, but might even worsen the behavioral adaptation of
patients [16]. So, ASD-like behavioral phenotypes might not be directly caused by seizure
experience, but may partly share common neuropathological mechanisms. For a step-
wise experimental approach to study the ASD/epilepsy interaction, one needs to provoke
seizure fits according to a controlled schedule. Animal models are indispensable for such
experimentations.

Recently, we reported social contact deficits in rats of Krushinsky—-Molodkina (KM)
strain [17]. This Wistar-derived inbred [18] strain has been used as a model for human
temporal lobe epilepsy and vascular pathology from the late 1940s [19] to currently [20-23].
All KM rats are susceptible to audiogenic seizures (AGS) of the maximal score, in response
to sound provocations. The seizures fits start from a paroxysmal running and quickly
proceed to the clonic and tonic-clonic seizures, followed by profound postictal catalepsy.
Importantly, generalized seizures can be triggered in drug-naive animals. It leaves out the
question of possible focal effects, as well as side effects of chemical convulsants, and allows
for an unbiased investigation of post-convulsive behavior.

Seizure-naive KM rats demonstrated social contact deficits, as we reported previously [17].
Namely, KM rats developed a highly exaggerated freezing response to a presence of social
stimuli, spent less time in a close proximity to unfamiliar conspecifics and demonstrated a
lower number of contacts, as compared to control Wistar rats. It is not known whether a
start of seizure would further aggravate social deficits in these epileptic rats. We enrolled
a battery of sociability tests, to study the very first stage of ASD/epilepsy interaction:
behavioral consequences of rare, generalized tonic-clonic seizure in drug-naive KM rats.
The test paradigms varied in spatial design and also enrolled different rats as the social
stimuli, to level out possible influences of individual traits of “guest” animals, as well as of
spatial context. In the rat, as well as in other species, social interactions of conspecifics are
highly dependent on gender, feasibility of aggressive actions, sensory modalities available
for interaction, dominant ranks of interacting animals, presence of a shelter, and general
available space. Although we did not aim to study gender effects here, the other factors
listed above were varied in our experimental routine. Both spatial conditions available for
interaction of conspecifics and sufficient time of experiments were considered as important
factors. The battery of behavioral tests used also allowed us to compare the obtained results
with literature data, since there is no single and commonly accepted set-up for sociability
tests in laboratory animals yet [24].

The relatively mild scheme of seizure fits provocation, used in the present experiments,
let us keep focused on the beginning of the active epileptogenesis and assess its effect on so-
cial contact motivation. The schedule of rare seizures was chosen to escape kindling, which
would recruit new neuronal loops and hyper-activate limbic structures [25]. Limbic activa-
tion would in turn trigger its own behavioral consequences [26]. As it was shown recently,
a fourteen-day schedule of AGS kindling in KM rats led to evident neurodegenerative pro-
cesses, such as an irreversible hippocampal loss of granular and hilar mossy cells, as well as
a reduced proliferation of inferior colliculus neurons [27]. In a shorter scheme, seven-day
AGS provocation design, the cell losses were rescued by autophagy [27]. An overspread of
epileptiform activity in the magnocellular neurons of the hypothalamus, induced by audio-
genic kindling, evoked neuroendocrine changes in the hypothalamic-neurohypophysial
system [28]. So, frequent and numerous seizure fits provocations produce a complex
response, which needs to be dissected and analyzed separately in further experimentations.

2. Materials and Methods

There is an increasing attention to experimental studies of sociability in laboratory
animals. No single experimental design is commonly accepted, but a variety of non-
standardized tests are used [24,29]. Social interaction might be assessed in a couple of freely
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moving animals, placed in a simple or enriched context [12,29-31]. Alternatively, “guest”
animals might be fixed with tether and collar assemblies [30,32], separated in a compart-
ment of the test arena [33-35], or encaged [36-38]. The social stimuli might be isolated by
partitions, which specifically limit or restrict visual, audial, haptic, or olfactory sensory in-
puts involved in animal interactions [39-41]. Assessment of behavioral parameters in freely
moving pairs of animals represented the most difficult case for automated tracking, but
the obstacle seems to be resolved soon with algorithms of machine learning [29]. Currently,
social interaction of two freely moving animals in laboratory conditions implies a high
amount of tracking artifacts. A disadvantage of this design is a possibility of aggressive
actions for the experimental animals. More frequently, experimenters let the test animal
choose locomotor strategies freely, whereas the social stimuli are localized in a compartment
or encagement. This limits behavioral repertoire of social stimuli, but not the test rodents.
The locomotion of test animals might be tracked automatically, with a possibility to select
virtual zones of interest. Usually, conventional trackers allow an automated detection of
freezing behavior as well. Nowadays, automated tracking is usually complemented with
offline semi-automated detection of contact as well as investigatory and comfort behavioral
elements, performed by blinded experts. For more details on social tests in laboratory
rodents, a reader is referred to the recent reviews [24,29,42].

We chose a battery of behavioral tests for sociability (“the socially enriched open
field”, “three chambered social preference/social novelty tests”, “two choice social pref-
erence/social novelty tests”, see Sections 2.3 and 2.4), to detect intricacies of conspecific
contacts in a robust way. The use of multiple tests minimized possible artifacts related to
spatial context [29], as well as a putative bias related to individuality of social stimuli. The
experimental schemes described below (Sections 2.3 and 2.4) assumed the free movement
of experimental animals so that they could adjust the intensity of social approaches to
encaged unfamiliar conspecifics.

2.1. Animals

The experiments were performed in 43 KM and 44 Wistar male rats in total. The
animals were 5 months old at the start of experimentation and weighed 300-350 g. The
animals were housed 3-5 in a cage, with standard pellet food and water ad lib. Behav-
ioral tests were scheduled with a 6-10 days interval between the manipulations, unless
otherwise stated.

The main behavioral tests were performed in two rounds, pre- and post-provocation
of AGS.

After the 1st set of the tests (i.e., the “elevated plus maze”, “socially enriched open
field”, “social preference/social novelty”), sound provocations were scheduled for half of
the experimental animals. For this purpose, the rats were randomly assigned to the “sound
provocation subgroup” (n = 8 for both strains) and the “sham provocation” subgroup (1 = 8
for both strains). The sound provocation/sham was performed in 3 sessions, separated by
6-8 days. The sound administration induced audiogenic seizure fits in all KM rats, but not
in any of the Wistar rats, as described below (Section 2.6). In a week after the last sound
stress, the main behavioral tests (i.e., the “elevated plus maze”, “socially enriched open
field”, “social preference/social novelty”) were repeated.

Additional tests (“two choice social preference/social novelty”, “social dominance
tube test”, “novel object recognition test”) were run in the animal cohorts, not subjected to
the sound stress.

2.2. Elevated Plus Maze

A standard “elevated plus maze” test (EPM) was performed, as described in [43]. In
short, the apparatus consisted of 2 open arms (10 cm x 46 cm), 2 closed arms (10 cm X
46 cm x 16 cm), and a central plate (10 cm x 10 cm). The maze was raised 90 cm from the
floor surface. Video camera was installed about 120 cm above the maze. The experiment
was recorded using a computer in the next room.
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The rats (n = 16 for each strain) were placed individually on a central plate, pointing
its head to the open arm and turning their backs to the experimenter; landing served as
a signal to start tracking. The animals were allowed to explore the maze for 10 min. The
video archives were analyzed off-line, as described below (see Section 2.7). The time spent
and distance travelled in open and closed arms, rearing, short (facial) and long (whole
body) grooming, stereotyping (if any), defecation and urination (if any) were counted.

2.3. Sociability Tests

The rat cohorts were tested in different spatial modifications of the social preference
tests, to compare the results with literature data. The main idea of the social tests was to
allow a freely moving test animal to explore the available arena with an encaged unfamiliar
conspecific. As it was shown previously, normal rats demonstrate a clear preference to stay
in a neighborhood of sheltered newcomer rats, rather than nearby empty cages [24,34,35].

2.3.1. The Two-Choice Test for Social Preference

The experiment was conducted in a T-shaped maze with a closed starting section. The
main part of the maze (sized as 75 x 14 x 32 cm) was divided into 6 zones. The left and
right side compartments for stimulus rats (sized as 12.5 x 14 cm) were separated from the
main part of the maze by a double grid. During testing, the maze was illuminated with
diffused light (40 W) to reduce the stress of the animal (modified from [33]).

The test consisted of two sessions, each lasting 10 min. Before the experiment, the test
rat was placed in an empty maze for 2 min adaptation.

In the 1st session (social preference), a stimulus rat, unfamiliar to the test animal, was
placed in one of the side compartments of the T-shaped maze, separated by a double lattice,
while the second side compartment was left empty (Figure 1(b.1)). During the 2nd session
(social novelty), another stimulus animal (“new stimulus”) was placed in the previously
empty side compartment, while the “old stimulus” remained on its place (Figure 1(b.2)).
Between the sessions, the test animal was placed in a carrier. After each test animal, the
floor of the maze was thoroughly cleaned with a 10% ethanol solution. Video registration
was performed and analyzed off-line. Times spent in a neighborhood of each compartment,
the contact time (defined as the time of a snout contact with the stimulus box), and freezing
response were registered. The contacts were further defined as the short (<6 s in duration)
and the prolonged ones (>6 s in duration), as suggested by S. Wagner and colleagues [34].
The experimental groups consisted of 7 KM males and 8 Wistar rats. The test was not
repeated in further experimentation.

2.3.2. Socially Enriched Open Field Test

The test was modified from Castro et al. [35]. The apparatus consisted of the black
plastic rectangular arena (120 cm x 120 cm), surrounded by 40 cm walls and lighted. A
video camera was attached at about 2 m above the floor. Four dark plastic boxes, routinely
used for rats’ transportation in the laboratory (sized as 18 cm x 26 cm x 16 cmas W x L x
H, with evenly perforated walls and lids, and with two holders as 1.5 cm x 8 cm holes),
were placed at the middle of each wall (Figure 1b).

One of the 4 boxes contained an unfamiliar male Wistar rat (of the same age and
weight), used as a social stimulus. The other 3 boxes contained a portion of bedding from
the stimulus rats” home cage, to unify the olfactory cues. The location for the stimulus box
was changed for every new experimental session, to counterbalance possible environmental
cues unrelated to the experiments.

After the 20-30 min of habituation, the test animals were individually allowed to
investigate the arena for 20 min; their trajectories were monitored online from an adjacent
room and digitized for off-line analysis. Time spent in a neighborhood of each box, the
contact time (defined as the time of a snout contact with the stimulus box), the total track
lengths, and local track lengths in a neighborhood of each box, were registered. The contacts
were also defined as the short and the prolonged ones [34].
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Figure 1. Schemes of experimental set-ups used in the study. (a.1) Three-chambered social preference
test; (a.2) Three-chambered social novelty test; (b.1) The two-choice test for social preference/social
novelty, 1st session, social preference; (b.2) The two-choice test for social preference/social nov-
elty, 2nd session, social novelty (c) Socially enriched open field; (d.1-d.3) different stages of social
dominance test; (e.1,e.2) 1st and 2nd session of two-object/novel object recognition test.

The experimental groups consisted of 16 KM males and 16 Wistar rats. After the triple
sound/sham provocation, the test was repeated in all groups.

2.3.3. Three-Chambered Social Preference/Social Novelty Test

The 3-chambered test for social preferences/social novelty was used as described ear-
lier by other researchers [24,44] and us [17]. The experiments were preceded by 20-30 min
of habituation, when the test animals were allowed to explore the complete set-up, exclud-
ing the social stimuli. The apparatus consisted of a black arena (60 x 60 cm, with black
wooden walls 60 cm high) and partitions dividing the box into two chambers and a start
rectangular compartment between them (Figure 1(a.1)). Each partition had an opening
providing free passages between the sections. Two dark plastic perforated containers,
the same as described above (see Section 2.3.2) were placed in each chamber. Firstly, the
installation included an empty box and a box that contained an unfamiliar male Wistar rat
of the same age and weight, used as a social stimulus. The test animals were allowed to
explore the environment for 10 min.

For the 2nd session (“social novelty test”) the empty box was replaced with an identical
container with a new rat to test the reaction to social novelty (Figure 1(a.2)). The test rats
were intact between the sessions. The video registration lasted another 10 min. The
behavior was recorded as described above. Below, these classes are called tests for “social
preferences” and “social novelty”.

The sessions were video-recorded with a digital camera linked to a computer in the
next room; the recordings were digitized and analyzed off-line automatically.

The results of the 1st trial of the “social preference/social novelty” in a smaller cohort
have been recently published [17].

The tests were repeated after the sound/sham provocations (see Section 2.6) in all the
groups (in total, in 13 KM and 16 Wistar males).
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2.4. Social Dominance Test

The social dominance tube test (TSD) was carried out using a 150 cm-long transparent
plexiglass tube with an internal diameter of 6 cm [45]. The experiment was carried out for
three days: on the first two days, the animals were allowed to explore a new environment
and pass through the pipe in both directions, on the third day, the testing itself was carried
out. Prior to the experiment, the rats were weighed and assigned to pairs so that in each of
them were unfamiliar Wistar and KM male rats of a similar body weight. The rats were
placed at the opposite ends of the pipe (Figure 1(d.1)) and allowed to move (Figure 1(d.2)).
The “winner” was considered the animal that was able to push the opponent back and exit
from the opposite end of the tube (Figure 1(d.3)). Subsequently, the video recording of the
experiment was analyzed. We recorded the latency to wins, the number of pushes, forward
propulsions, and retreats [46].

The experimental groups consisted of 20 KM males and 16 Wistar rats, not subjected
to the AGS provocations.

2.5. Two-Object Novel Object Recognition

The Novel Object Recognition [47] task was conducted in an open field arena (60 x 60
x 60 cm, the same apparatus as described above at Section 2.3.3, but without the partitions),
supplemented with two different kinds of new objects (plastic toy bricks sized as 5 x
5 x 8 cm). Both objects were similar in height and volume, but different in shape and
appearance. During 15 min of habituation, the animals were allowed to explore the empty
arena. One hour after habituation, the animals were exposed to the familiar arena with
two identical objects placed at an equal distance. Next, the test rat was allowed to explore
the open field in a presence of the familiar object and a novel object to test recognition
memory. Each of the sessions lasted 10 min, instead of the standard 3 min, to account for
the hypolocomotion of KM rats. In addition to the standard indicators described above,
the following were also registered: contacts with the object—sniffing the object and active
contact with the object—touching and moving the object with front paws, turning the object
over, and transferring in the teeth.

The experimental groups consisted of 12 KM males and 12 Wistar rats, not subjected
to the AGS provocations.

2.6. AGS Provocation

After the 1st set of behavioral tests, a sound provocation scheme [48-51] was randomly
assigned to a half of KM and Wistar cohorts. Briefly, individual rats were placed in a sound-
attenuated box (47 x 47 x 47 cm) and exposed to a loud (80-120 dB) sound (electric bell
ringing) for 90 s, or until the tonic phase of the seizure was reached (score 9 according to the
scale proposed by P. Jobe [52]). The sound evoked initial freezing and then an orientation
response in Wistar rats. All KM individuals developed the fully blown AGS (Figure 2) with
a latency <15 s. The sham-provocations were the placement into the same box without a
sound exposure.

The triple AGS provocations or sham-provocations were scheduled in a week interval,
to escape kindling of the seizures (see Introduction). In a week post-provocations, the
“elevated plus maze” test (Section 2.2) and the main sociability tests (Sections 2.3.2 and 2.3.3)
were repeated.
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Figure 2. The stages of audiogenic fits in KM rats. The seizure fits start with motor excitation (wild
running with a loss of visual control), quickly proceed to clonic convulsions on a side and on the
belly, and end up with tonic phases (with the tonic limbs’ extension). These stages of audiogenic
fits are: wild run, clonic seizures on a belly, tonic seizure. In total, 100% of the KM rats develop the
maximal stage of audiogenic fits in response to the sound administration.

2.7. Automated Tracking

All sessions were recorded on video using a digital camera connected to a computer
in the next room. The recordings were digitized and analyzed automatically off-line (track
length, freezing, time spent in virtually defined marked areas) and off-line by blind experts.
Registered parameters were the contact time, rearings, and short/long grooming episodes.

The free ToxTrac 2.98 software was used for off-line tracking of moving animals in all
tests. The xId identification algorithm (Ssi.Rep.) was used. The algorithm used allowed us
to track the rostral part of the body of a freely moving animal (which was important when
evaluating social contacts). The following measurements were made automatically: the
time spent in certain zones, the total distance travelled in certain zones, and the number
and time of freezing episodes [53].
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2.8. Statistical Analysis

The normality was checked by the Kolmogorov-Smirnov criterion (Basic Statistics,
Descriptive Statistics section). The main method for assessing the significance of differences
between the experimental and control groups was the Mann-Whitney U-test, and within-
group effects were estimated by the Wilcoxon test. Bonferroni corrections were applied for
between-group comparisons, under assumption of two independent behavioral domains
(locomotor behavior and contact behavior). The differences were considered statistically
significant at p < 0.05. The main calculation of statistics took place using the Statistics 10.0
program, graphical images were created using Python 3.7.3 using the SciPy library.

3. Results
3.1. Elevated Plus Maze

The 1st EPM (n = 16 for KM rats, n = 16 for Wistar rats) test resulted in a similar
between-strain difference as reported earlier by us [17] and others [54]. It is suggestive
for a reduced exploratory drive and increased anxiety in KM rats. Namely, the total track
length was shorter, as well as the open arms time; the number of rearings was lower and
the number of facial grooming was higher, with a domination of freezing behavior in KM
rats (see Supplementary Table S1A).

The repeated, post-provocation EPM revealed that the horizontal activity of KM
rats was increased as compared to the first testing (Supplementary Table S1C) and thus
reached the level of control of the Wistar rats (Figure 3; Supplementary Table S1B). Vertical
activity was still deficient (Supplementary Table S1B), and facial grooming enhanced
(Supplementary Table S1B) in KM as compared to Wistar rats. The control rats did not
change their locomotion between the EPM tests (Supplementary Table S1C).
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Figure 3. Cont.
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Figure 3. Behavior in the second (post-provocation) “elevated plus maze” test, comparison between
the rat strains (upper panel, Wistar vs. KM) and KM subgroups (lower panel, sound provocation vs.
sham provocation). Upper panel: (a) The total path travelled; (b) number of rearings t; (c) closed-to-
open arm-entry ratio; (d) number of short (facial) grooming bouts; (e) total time of freezing behavior;
(f) total number of entries in any arm. Lower panel: (g) The total path travelled; (h) number of
rearings t; (i) closed-to-open arm-entry ratio; (j) number of short (facial) grooming bouts; (k) total
time of freezing behavior; (1) total number of entries in any arm. Data are represented as the box plot
and whiskers (indicating variability outside the upper and lower quartiles). Statistical significance is
indicated as follows: *** p < 0.001, * p < 0.05.

The sound provocation per se did not exert a gross effect: horizontal and vertical
locomotion did not differ between the subgroup of seizure-experienced and sham-provoked
rats (Figure 3a,b; Supplementary Table S1D). The AGS-experienced KM rats did not differ
significantly from their sham-provoked strain mates (Supplementary Table S1C).

3.2. Different Paradigms of “Social Preference/Social Novelty” Tests
3.2.1. Two Choice Social Preference Test

The social deficits in KM males were consistently seen in the different modifications
of sociability tests, with different unfamiliar stimulus rats proposed for contacting. The
“two-choice test” was the simplest setup. In this paradigm, the rats mainly demonstrated
short (<6 s) contacts, presumably reflecting general curiosity but not a social drive [34].
The prolonged, developed (>6 s) social investigations were almost absent in this condition
(Supplementary Table 52). Short contacts summed up to a lower time in KM rats (Figure 4a;
Supplementary Table S2), as compared to Wistar ones (Supplementary Table S2). The
spontaneous behavior in the test was highly aberrant with profound freezing response
(Figure 4b,e; Supplementary Table S2) and thus did not provide sufficient information on
locomotion or investigatory drive.
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Figure 4. Contact activity of Wistar (blue points) and KM (green stars), in the test of “two choice
social preference test”. (a) Time of contact with an unfamiliar stimulus rat; (b) total freezing time
of rats during the test; (c) time of contact with a familiar stimulus rat during the “social novelty”
part; (d) time of contact with an unfamiliar stimulus rat during the “social novelty” part; (e) total
freezing time during the “social novelty” session. Data are represented as the box plot and whiskers
(indicating variability outside the upper and lower quartiles). Statistical significance is indicated as
follows: *** p < 0.001, ** p < 0.01, * p < 0.05.

3.2.2. The “Socially Enriched Open Field Test”

The “socially enriched open field” set-up provided more space for the freely moving
animals and a possibility to investigate the arena, the container with an encaged unfamiliar
conspecific, or three empty containers.

The pre-provocation tests were also marked with an increased number of freezing
episodes and general hypolocomotion in KM rats (Supplementary Table S3A). The social
drive deficits can be seen as a decreased percentage of contact trajectories (see Supplementary
Table S3A), paralleled by a lack of well-developed (>6 s) contacts (Supplementary Table S3A).

The post-provocation tests demonstrated persistent social deficits in KM rats: the
reduced numbers of the short (Figure 5f) and prolonged (Figure 5g) contacts, lower per-
centage of the contact trajectory (Supplementary Table S3D) and lower percentage of the
time spent in a stimulus neighborhood (Supplementary Table S3D). No major difference
was seen between the sound-stressed and non-stressed subgroups of the same strains
(Figure 5i-m; see also Section 3.3, Supplementary Table S3B,C).



Biomedicines 2023, 11, 2566

11 0f 22

B EEEE— g‘ 30 o, -
KM and Wistar 80 *x £ ok c
rats, "socially = S 25 ° g
s € ° . 33
enriched open E L | 520 g
field" test, 2" trial S . £ =
2 215 5=
@ 40 & g
- Y
= 510 = S
B o o _—
o
a 20 325 a
: :
S
C d 2 o e. 20
Path length Short grooming episodes Long grooming episodes
) v Rk —_
Ag " ©  ¥x + 20 8 800 ¥
= > Jg A0} e
n
S i S1s g,sou
= ° j=)) N
5] c o -
= S 10 B @ 400
wn 10 = s
A 5 = =
5 s Lo 3 5
i
—  -median @ 5 s o 200
2 o
2 .t B s EE
- Wistar strain .
20 gz 0 n" oo
Y KM strain Short contacts episodes Long contacts episodes Time of Freezings
= o5
q 60 £ * e =
Comparison £ 30 =
between the KM = 5o . 8 c4
S O 25 > o
subgroups = - — o £ .
(sound/sham = g 20 o
; c
provocations) o 30 G1s o,
o U == -
S 20 ° S
© w10 59 —]
a v o
10 Qo
. i g5 S
i 5 k. 3
, . = - - tZ
Path length Short grooming episodes Long grooming episodes
d] [0
i L + 10 ©
@ 12 o
= = = -median
510 5 €
o [v]
£
o B g 6 x - Sound provocation
L= o KM strain
»w 6 -
5 s 4
— 4 - —
] : z , — % - sham provocation
L 32 Q KM strain
B =
2o= -+ | > 0
I Short contacts episodes [k Long contacts episodes

Figure 5. Behavior in the “socially enriched open field” test, the second test (post-provocation). (a) An
example of Wistar rat trajectory; (b) an example of KM rat trajectory. Upper panel: comparisons
between the strains. (c) The total path length; number of short (d) and long (e) grooming; the number
of short (f) and long (g) of snout-to-box contacts of the freely moving experimental animals; (h) the
total freezing time. Lower panel: comparison between seizure-experienced and seizure-naive KM
subgroups. (i) The total path length, comparison between the KM subgroups. Number of short (j)
and long (k) grooming; number of short (1) and long (m) snout-to-box contact, comparison between
the KMs subgroups. Data are represented as a box plot and whiskers (indicating variability outside
the upper and lower quartiles). Statistical significance is indicated as follows: *** p < 0.001, ** p < 0.01,
*p <0.05.

3.2.3. The Social Preference/Social Novelty Test

The pre-provocation tests demonstrated the very similar results as reported previously
in a smaller cohort [17]. Briefly, KM rats escaped the chamber with an encaged conspecific
during the “social preference” session, developing a low number of snout-to-box contacts
(Supplementary Table S4A), accompanied by pronounced freezing (Supplementary Table S4A).
The addition of a new conspecific (the “social novelty” session) emphasized the freezing
response in KM but not Wistar rats (Supplementary Table S5A) and provoked hypolocomotion
paralleled by a low number of any social contacts (all p’s < 0.001, Supplementary Table S5A).

The repeated (post-provocation) “social preference/social novelty” tests revealed
normalized locomotion in KM rats as observed in the “social preference” session (Figure 6a),
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with no difference in a number of short (Figure 6b) or long (Figure 6¢) contacts (but a
decreased time spent in the stimulus chamber, Supplementary Table S4D).
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Figure 6. Behavior in the “social preference/social novelty” tests, post-provocation, between groups
comparison (Wistar vs. KM rats). The “social preference” session: (a) total path travelled; (b) number
of short contacts; (c) number of long contacts; (d) total time of freezing s. The “social novelty” session:
(e) total path travelled; (f) number of short contacts with “old” stimulus; (g) number of long contacts
with “old” stimulus; (h) time of freezing response; (i) number of short contacts with “new” stimulus;
(j) number of long contacts with “new” stimulus. Data are represented as a box plot and whiskers
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(indicating variability outside the upper and lower quartiles). Statistical significance is indicated as
follows: *** p < 0.001, * p < 0.05.

Again, the well-pronounced contact deficits in KM rats were clearly seen in the
“social novelty” session. The addition of the second unfamiliar encaged conspecific led
to a decreased contact activity in KM rats: the numbers of prolonged contacts with both
“familiar” and “unfamiliar” stimuli reduced significantly (Figure 6e f, respectively; see
Supplementary Table S5D).

The AGS experience demonstrated its mild activating effect in the “social novelty”
session (see also below, Section 3.3): the subgroup with the triple provoked seizure fits
tended to a higher number of developed and short snout-to-box contacts (both p = 0.06,
Figure 7f; Supplementary Table S5C) towards the “unfamiliar” guest rats. Nevertheless,
even with this unexpected tendency to activation, the between-strain differences evidenced
the contact deficits in the KM groups (Figure 6; Supplementary Table S5D).
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between the KM subgroups. The “social preference” session: (a) total path length; (b) number of short
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contacts; (c) number of long contacts. The “social novelty” session: (d) total path length, (e) number
of short contacts with “familiar” stimulus; (f) number of long contacts with “familiar” stimulus;
(g) number of short contacts with “unfamiliar” stimulus; (h) number of long contacts with “unfamiliar”
stimulus. Data are represented as a box plot and whiskers (indicating variability outside the upper
and lower quartiles). No significant difference was seen between the subgroups.

3.3. Effect of Seizures” Experience

The sound provocation did not evoke AGS in control rats or exert a gross behavioral
effect in this cohort.

Surprisingly, no major difference between the “latent AGS” and «experienced AGS»
subgroups of KM rats was seen in the post-provocation social tests. Existing social deficits
in KM cohorts were not aggravated by the triple provocation of AGS. Instead, a tendency to
activation was seen. Namely, a moderate decrease in anxiety levels was seen as the lowered
number of freezing episodes (Supplementary Table S1C) and decreased facial grooming
(Supplementary Table S3C). Unexpectedly, the convulsive experience led to a tendency to
enhance the contact behavior (see Section 3.2). Locomotion was not increased by the seizure
experience. Instead, we observed a facilitation of locomotion by the repeated testing in KM
but not Wistar rats (see below).

3.4. Effect of Repetitive Testing

The main behavioral tests (“elevated plus maze”, “socially enriched open field”, “three-
chambered social novelty/social preference” tests) were performed twice, before and after
the sound exposures (referred as the first and the second trials, or “pre-provocation” /“post-
provocation”). For the control rats, we did not see a major difference between the first and second
tests in the behavioral parameters registered (Supplementary Tables S1C, S3B, S4B and S5B). To
overcome potential artifacts caused by the excessive freezing response and hypolocomotion,
we used the percentages of time spent near the stimulus’ box and the percentages of path
travelled around it (Supplementary Tables S3A and S3C).

As for the KM cohorts, the repeated testing helped to overcome the initial hypoloco-
motion (Figures 5a, 6a, and 7a; Supplementary Tables S1C, S3B, S4B and S5B), so that the
two cohorts of epileptic rats almost reached the locomotor activity level of controls (Sup-
plementary Tables S1B, S3C and S4D). Namely, no strain/subgroup difference was seen for

/a7

the total distance travelled in the following tests: “elevated plus maze”, “three-chambered
social preference test”, “socially enriched open field”.

The deficits in social contacts generally remained, seen in the decreased numbers of
prolonged contacts with the stimulus (“socially enriched open field”, see Section 3.2.2;

“social novelty” test, all p < 0.01, see Section 3.2.3).

3.5. Two Object Novel Object Recognition Test

Novel object recognition tests are used to assess investigatory drive and memory
in laboratory rodents. We used the same apparatus as in the previous experiments (see
Section 3.2.3), but without the partition, to check interaction with inanimate objects, in the
same environmental context as the social interactions were observed. KM (n = 12) and
Wistar (n = 16) demonstrated only a minor difference in the test: KM more often interacted
with the new object (Figure 8(a.2,b.2)). The number of active contacts with the new object
(i.e., touching with paws, transferring in teeth, or gnawing the objects) was higher in KM
rats (Supplementary Table S6). The results also showed that the rats of the KM strain were
not frightened by the novelty of small inanimate objects. They kept interacting with the
object, while the control Wistar rats lost their interest quite soon.
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Figure 8. The “two objects novel object test”, between strain comparisons. Investigation of new and
familiar objects. (a.1) Contacts with a new object; (a.2) active contacts with a new object; (b.1) contact
with an “old” object; (b.2) Active contact with an “old” object. Data are represented as a box plot
and whiskers (indicating variability outside the upper and lower quartiles). Statistical significance is
indicated as follows: *** p < 0.001, * p < 0.05.

3.6. Social Dominance “Tube” Test

Contact motivation deficits might be a result of a social defeat experience or a lack of
social dominance. To test this, we run the test on a dominant behavior, so called “social
dominance in a tube”. According to the results, KM rats won the test more frequently
(Supplementary Table S7A). It should indicate a greater level of dominance in the KM, as
compared to the Wistar rats. At the same time, the latency to win was significantly longer
in KM rats (Figure 9a; Supplementary Table S7A,B). A more detailed behavioral analysis
showed that the KM rats made a fewer number of pushes during the sparring and fewer
retreat trials to escape (Figure 9b,d). KM prevented the opponents from moving forward
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through the pipe. At the same time, the number of forward propulsions was similar for the
both groups (Figure 9c). Thus, Wistar and KM groups demonstrated different behavioral
strategies in TSD. Wistar rats preferred an active strategy, as evidenced by the low latency
to win and a larger number of pushes and retreat trials. On the contrary, KM rats chose a
rather passive strategy characterized by slow movements, a lack of retreats, and gradual
progression forward by the time of retreat trials of Wistars.
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Figure 9. Social dominance test, between strain comparisons. (a) Latency to win; (b) number of
pushes; (¢) number of forward propulsions; (d) number of retreats. Data are represented as a box plot
and whiskers (indicating variability outside the upper and lower quartiles). Statistical significance is
indicated as follows: *** p < 0.001, ** p < 0.01.

Thus, consistent social contact deficits were observed in KM rats, subjected to a
battery of behavioral test. The active phase of epileptogenesis was started by a triple
provocation of audiogenic seizures, and the presumed behavioral changes were monitored
post-provocation. As a result of seizure provocations, as well as of multiple experimental
sessions, we observed a mild behavioral activation in KM rats. Namely, hypolocomotor
traits in KM rats were rescued up to the control level, together with a decrease in anxious
behavior. Contact deficits were consistently seen both before the AGS provocation as well
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as post-provocation. Control groups of Wistar rats did not majorly change their behavior
during the course of experimentations.

4. Discussion

Epilepsy-related social and intellectual regress is a major concern for ASD patients [3].
To study this phenomenon experimentally, we focused on the start point of active epilepto-
genesis in an animal model of comorbid epilepsy and behavioral deficits in KM rats. We
observed that hypolocomotion might be dissociated from the contact deficits in KM rats
and that the social deficiency persisted during the multiple tests.

The hypolocomotor trait of KM rats can be normalized by multiple exposures to
the test. Namely, KM rats displayed evident hypolocomotion in all the first (i.e., pre-
provocation) tests (namely, EPM, “socially enriched open field”, “social preference/social
novelty”, see Sections 3.1 and 3.2., but not in all the post-convulsive tests. The feature
contrasted with the attention deficit hyperactivity disorder (ADHD)-like hyperlocomotor
phenotype of other animal models of epilepsy comorbid with social deficits: prenatal val-
proate loading [55] and fast/slow kindling rat strain [56]. At the same time, the observed
hypolocomotion was in line with that reported for a maternal immune activation model of
ASD [57]. Remarkably, profound neuroinflammation also plays a role in the pathogenesis
of audiogenic epilepsy in KM rats, since a number of pro-inflammatory cytokines were af-
fected by sound exposure in KM rats [22]. It is interesting to check whether hypolocomotion
would be seen in other animal models of neuroinflammation-associated ASD.

The locomotor response in KM rats might be restored almost to the normal level by an
extra-long habituation to the experimental conditions, as seen from the current results (in
the second trials of the “elevated plus maze”, “three-chambered social preference test”). It is
possible that longer repetitive social exposures would normalize contacts with conspecifics,
in its turn. In our design, the same tests were separated by 6 weeks; it remains a question
whether a quicker habituation would be possible for these rats. Anyway, the habituation
to the experimental set-ups in KM rats was obviously longer than the regular 20-30 min
sessions needed for normal rats. The feature is strongly suggestive for a disadaptation to
environmental novelty in KM rats.

The experimental design allows discrimination between the effect of seizures/sound
stress and the habituation effects, by the comparison of sham-provoked and sound-
provoked groups. Expectably, control Wistar rats did not show any major effects from the
sound stress administration (Supplementary Tables S3B, S4B and S5B). Surprisingly, there
was only a minimal effect of the seizures” experience in the KM rats. The severe but rare
seizures exert rather a mild activation in KM rats, seen as decreased bouts of freezing and
short grooming (Supplementary Tables S1D and S3C; Section 3.3), as well as a tendency
toward contact activation (Figure 7f~h and Supplementary Table S5C). No other behavioral
consequences of the triple AGS provocation were seen in our experiments.

The tendency to AGS-related mild contact activation (Supplementary Table S5C)
might partly parallel a facilitating effect of the electroconvulsive therapy. The method
is widely used in clinical practice to treat major depression, Parkinson’s disease, and /or
schizophrenia [57-60]. The mechanisms are not fully understood, but at least partly it acts
via an activation of brain aminergic metabolism [61-63]. Brain monoamines are imbalanced
in KM rats [12,21,23], so one may hypothesize a facilitated turnover of brain amines as
a putative mechanism for the observed behavioral activation. It would be irrational to
recommend electroconvulsive therapies to treat ASD; however, there might be a mechanism
to overcome the hypolocomotion and contact deficits.

The KM rats demonstrated a lack of social motivation in all the experimental setups
used. The three-chambered “social novelty” test (Section 3.2.3, Figure 6g,h) appears to
be the most sensitive one. We might hypothesize that this particular setup still leaves
a possibility for spatial behavior but does not allow escaping the proximity of encaged
“guest” rats. Also, it produced a high spatial density of conspecifics. It is known from
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clinical practice that ASD patients have particular difficulties in multiple social interactions
at a time.

As it was shown previously, the contact behavior of freely moving rodents (rats or
mice) did not depend on the locomotion of the encaged stimulus conspecific inside the
container [34]. However, the contact behavior implies individuality in the interactions,
putatively involving audial, tactile, and/or olfactory modalities. The contact behavior of
test rats depended on a space available for interaction, as well as on ability to touch and
smell the guest rats [39]. A close spatial confinement of interacting rats led to decreased
contact motivation, while their partition by barred walls preserved it. Tactile interactions
were essential for social reward, whereas visual contacting via a glass screen was not [39].
In our experiments, perforated walls allowed the olfactory inspections of all the containers,
which were unified in smelling the bedding compound from the guest rats” home cages.
So, the only presumed difference between the containers was a presence of an encaged
conspecific. The communication windows (1.5 cm * 8 cm holes, Section 2.3.2) ensured a
possibility for tactile (snout-to-snout touches) and audial contacts, thought to be the main
factors for establishing a social affiliation in rats, e.g., [39-41]. Audial communications had
been recorded and remained to be published; here we measured social approaches only by
the parameters of snout-to-box contacts.

A distinction between curiosity and social drive can be made assessing the contact
time [34]. Short (less than 6 s) bouts of investigation reflect curiosity per se, while longer
well-developed contacts relate to communicative behavior. Thus, our results show both a
lack of curiosity and a deficiency in communicative drive in KM rats (Section 3.2).

The Novel Object Recognition (NOR) task is used to assess cognitive abilities, in
particular recognition memory, in models of CNS disorders in rodents [47]. This test
is based on the spontaneous tendency of rodents to spend more time studying a new
object than a familiar one. The choice to study a new object reflects the use of learning and
recognition memory. In our experiments, KM rats displayed decreased contacts of animated
objects (i.e., boxes with a conspecific), but spent a longer time inspecting inanimate small
objects and interacting with them (Figure 8(a2,b2)). It points to a social specificity of the
observed investigatory deficits in KM rats.

In the social dominance test, KM rats demonstrated a poor behavioral repertoire,
choosing a passive progression strategy. However, in this test, it is just the strategy that
turned out to be more advantageous, since it did not allow the opponent pushing such a rat
out. KM rats could move forward without pushing out the opponent, but rather took up a
space after its active retreat. Wistar rats preferred to escape confrontations, and it seemed
as they voluntarily left the pipe. Thus, KM rats did not show active dominance, but also
did not allow dominating them. Similar results have been reported recently in the “social
dominance in a tube test” for high-ranking Syngap+/A-GAP rats (heterozygous for the
C2/GAP domain deletion, with ASD-like traits). The Syngap+/A-GAP individuals won
significantly more competitions against high-rank wild type rats [64]. We can conclude
that the consistent social deficits seen in KM rats (Section 3.2) were not attributable to a
putative social defeat experience or submissive social traits.

An obvious limitation of the present work is the lack of female subjects in the study.
Although ASD has a profound male prevalence in clinical practice [65], the female ASD also
needs extensive attention of basic and clinical scientists. However, the official breeder of
the KM rat strain, Biological Faculty of Moscow State University, restricts a dissemination
of female KM individuals, for sake of the guaranteed genetic purity. So, experimentations
in female KM rats, as well as early ontogenetic studies, are not feasible for external teams.

In the present experiments, we did not distinguish clearly between the sensory
modalities engaged in social affiliation and its disruption. Visual inputs seem to be min-
imal since we used dark perforated containers with gap-like communication windows
(Sections 3.2.2 and 3.2.3). Presumably, the tactile contacts provided the core component of
social reward in rats [39,66]. But it is also possible that reciprocity of tactile or audial con-
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tacts is of importance. To clarify this point, experimentation with toy rats or a deactivation
of stimuli rats by a light narcosis would be useful.

A clear advantage of the study is the experimental proof that severe but still rare
seizures do not cause an obligatory decay in sociability, which would be a strong concern for
many caregivers of ASD children. Moving further and applying more seizure provocations,
we may find the time point of a seizure-related regress in ability to develop social contacts.
This would allow dissecting possible neurodegenerative mechanisms of subserving a social
withdrawal; thus, this knowledge, accumulated in epileptology, might be of benefit for the
understanding ASD-related neurological issues. For this purpose, we need various animal
models in order to apply seizure provocations in a controlled way and monitor emotional
and motivational changes, paralleling the time course of epilepsy.

In experimentations with laboratory animals, it is important to level out possible
contextual artifacts by using a battery of behavioral tests [29]. Multidimensional ethological
analysis, applied to behavioral components of social deficits in laboratory animals, and a
concise translation of the knowledge to a broader context of human neuropathology would
bridge a way to find effective treatments for ASD-related clinical issues.

The obtained results confirmed and expanded our previous conclusions about social
deficiency in KM rats. One of the oldest inbred models of genetic epilepsy has translational
potential for studying the neurophysiology and pharmacology of ASD-like social deficien-
cies. A special clinical domain of the autistic spectrum, characterized by hypolocomotion
and excessive freezing [67], can be modeled in the KM strain. It is important to note that
anxiety and locomotor deficits could be normalized by extra-long habituation and/or
repeated testing; the same was not observed for social contacts deficiency in these rats.
Thus, hypolocomotion was experimentally dissociated from contact deficiency. It means
that we need more than just an environmental habituation to treat social contact deficits.

Importantly, severe but rare audiogenic convulsions, as well as sound provocations
per se, did not aggravate contact deficits in the rats tested. This suggests that between the
seizure onset and an impending seizure-related social regress, there is a time window to
find an effective anti-epileptic therapy.
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Wistar groups; Table S7B: Behavioral parameters registered in “the social dominance in a tube” test,
between groups comparisons.


https://www.mdpi.com/article/10.3390/biomedicines11092566/s1
https://www.mdpi.com/article/10.3390/biomedicines11092566/s1

Biomedicines 2023, 11, 2566 20 of 22

Author Contributions: Conceptualization—ILM. and M.Z.; methodology—K.A. and LM.; investigation—
AR, SK. and N.B; software—P.A.; data curation—A.R. and N.B; writing—draft preparation, A.R.;
writing—review and editing .M., K.A. and M.Z,; visualization—A.R. All authors have read and
agreed to the published version of the manuscript.

Funding: The work was funded by RSF, grant No. 23-25-00484.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee of IHNA and NPh RAS, (protocol No. 01.25.02.20021 from 25 February 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The experimental data are fully reported in the manuscript and Sup-
plementary Materials. Additional information is available upon a reasonable request.

Acknowledgments: The authors are deeply grateful to I. I. Poletaeva for scientific debates.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, X,; Sun, X,; Sun, C.; Zou, M,; Chen, Y.; Huang, J.; Wu, L.; Chen, W.-X. Prevalence of Epilepsy in Autism Spectrum Disorders:
A Systematic Review and Meta-Analysis. Autism 2022, 26, 33-50. [CrossRef] [PubMed]

2. Besag, F. Epilepsy in Patients with Autism: Links, Risks and Treatment Challenges. Neuropsychiatr. Dis. Treat. 2017, 14, 1-10.
[CrossRef] [PubMed]

3.  Gadow, K.D.; Perlman, G.; Weber, R.J. Parent-Reported Developmental Regression in Autism: Epilepsy, IQ, Schizophrenia
Spectrum Symptoms, and Special Education. |. Autism Dev. Disord. 2017, 47, 918-926. [CrossRef] [PubMed]

4.  Zahra, A.; Wang, Y.; Wang, Q.; Wu, J. Shared Etiology in Autism Spectrum Disorder and Epilepsy with Functional Disability.
Behav. Neurol. 2022, 1-13. [CrossRef]

5. Brooks-Kayal, A. Epilepsy and autism spectrum disorders: Are there common developmental mechanisms? Brain Dev. 2010,
32,731-738. [CrossRef]

6.  Sierra-Arregui TLlorente, J.; Giménez Minguez, P.; Tennesen, J.; Pefiagarikano, O. Neurobiological Mechanisms of Autism
Spectrum Disorder and Epilepsy, Insights from Animal Models//Neuroscience. Pergamon 2020, 445, 69-82. [CrossRef]

7. Schneider, T.; Przewlocki, R. Behavioral alterations in rats prenatally exposed to valproic acid: Animal model of autism.
Neuropsychopharmacology 2005, 30, 80-89. [CrossRef]

8.  Gilby, K.L. A new rat model for vulnerability to epilepsy and autism spectrum disorders. Epilepsia 2008, 49, 108-110. [CrossRef]

9. Jung,S,;Seo,].S,; Kim, B.S,; Lee, D.; Jung, KH.; Chu, K,; Lee, S.K,; Jeon, D. Social deficits in the AY-9944 mouse model of atypical
absence epilepsy. Behav. Brain Res. 2013, 236, 23-29. [CrossRef]

10. Wang, X.; Guo, Z.; Mei, D.; Zhang, Y.; Zhao, S.; Hu, S.; Luo, S.; Wang, Q.; Gao, C. The GluN2B-Trp373 NMDA Receptor Variant is
Associated with Autism-, Epilepsy-Related Phenotypes and Reduces NMDA Receptor Currents in Rats. Neurochem. Res. 2022,
47,1588-1597. [CrossRef]

11.  Vergnes, M.; Marescaux, C.; Boehrer, A.; Depaulis, A. Are rats with genetic absence epilepsy behaviorally impaired? Epilepsy Res.
1991, 9, 97-104. [CrossRef] [PubMed]

12. Sarkisova, K.Y.; Midzianovskaia, 1.S.; Kulikov, M.A. Depressive-like behavioral alterations and c-fos expression in the dopaminer-
gic brain regions in WAG/Rij rats with genetic absence epilepsy. Behav. Brain Res. 2003, 144, 211-226. [CrossRef] [PubMed]

13. Leo, A,; Citraro, R,; Tallarico, M.; lannone, M.; Fedosova, E.; Nesci, V.; De Sarro, G.; Sarkisova, K.; Russo, E. Cognitive impairment
in the WAG/Rij rat absence model is secondary to absence seizures and depressive-like behavior. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 2019, 94, 109652. [CrossRef] [PubMed]

14. Garcia-Cairasco, N.; Umeoka, E.-H.L.; Cortes de Oliveira, J.A. The Wistar Audiogenic Rat (WAR) Strain and Its Contributions to
Epileptology and Related Comorbidities: History and Perspectives. Epilepsy Behav. 2017, 71, 250-273. [CrossRef]

15.  Washington, J.; Kumar, U.; Medel-Matus, J.-S.; Shin, D.; Sankar, R.; Mazarati, A. Cytokine-Dependent Bidirectional Connection
between Impaired Social Behavior and Susceptibility to Seizures Associated with Maternal Immune Activation in Mice. Epilepsy
Behav. 2015, 50, 40—-45. [CrossRef]

16. Hirota, T.; Veenstra-VanderWeele, ].; Hollander, E.; Kishi, T. Antiepileptic medications in autism spectrum disorder: A systematic
review and meta-analysis. |. Autism Dev. Disord. 2014, 44, 948-957. [CrossRef]

17.  Rebik, A.A.; Riga, V.D.; Smirnov, K.S.; Sysoeva, O.V.; Midzyanovskaya, 1.S. Social Behavioral Deficits in Krushinsky-Molodkina
Rats, an Animal Model of Audiogenic Epilepsy. J. Pers. Med. 2022, 12, 2062. [CrossRef]

18. Semiokhina, A.F,; Rat’kin, A.E.; Fedotova, I.B.; Kuznetsova, L.M.; Kostyna, Z.A.; Sotskaia, M.N.; Chebykina, L.I. A model of
audiogenic epilepsy--rats of the Krushinskil-Molodkina strain. Proof of genetic homogeneity. Zhurnal Vyss. Nervn. Deiatelnosti Im.
IP Pavlova. 1996, 46, 592-596.

19. DPoletaeva, LL; Surina, N.M.; Kostina, Z.A.; Perepelkina, O.V.; Fedotova, I.B. The Krushinsky-Molodkina rat strain: The study of

audiogenic epilepsy for 65years. Epilepsy Behav. 2017, 71, 130-141. [CrossRef]


https://doi.org/10.1177/13623613211045029
https://www.ncbi.nlm.nih.gov/pubmed/34510916
https://doi.org/10.2147/NDT.S120509
https://www.ncbi.nlm.nih.gov/pubmed/29296085
https://doi.org/10.1007/s10803-016-3004-1
https://www.ncbi.nlm.nih.gov/pubmed/28074354
https://doi.org/10.1155/2022/5893519
https://doi.org/10.1016/j.braindev.2010.04.010
https://doi.org/10.1016/j.neuroscience.2020.02.043
https://doi.org/10.1038/sj.npp.1300518
https://doi.org/10.1111/j.1528-1167.2008.01851.x
https://doi.org/10.1016/j.bbr.2012.08.029
https://doi.org/10.1007/s11064-022-03554-8
https://doi.org/10.1016/0920-1211(91)90019-C
https://www.ncbi.nlm.nih.gov/pubmed/1794357
https://doi.org/10.1016/S0166-4328(03)00090-1
https://www.ncbi.nlm.nih.gov/pubmed/12946611
https://doi.org/10.1016/j.pnpbp.2019.109652
https://www.ncbi.nlm.nih.gov/pubmed/31095993
https://doi.org/10.1016/j.yebeh.2017.04.001
https://doi.org/10.1016/j.yebeh.2015.05.040
https://doi.org/10.1007/s10803-013-1952-2
https://doi.org/10.3390/jpm12122062
https://doi.org/10.1016/j.yebeh.2015.04.072

Biomedicines 2023, 11, 2566 21 of 22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Harbachova, E.L.; Chernigovskaya, E.V.; Glazova, M.V,; Nikitina, L.S. Audiogenic Kindling Activates Expression of Vasopressin
in the Hypothalamus of Krushinsky-Molodkina Rats Genetically Prone to Reflex Epilepsy. J. Neuroendocrinol. 2022, 32, e12846.
[CrossRef]

Tsyba, E.T.; Midzyanovskaya, LS.; Birioukova, L.M.; Tuomisto, L.M.; van Luijtelaar, G.; Abbasova, K.R. Striatal patchwork of
D1-like and D2-like receptors binding densities in rats with genetic audiogenic and absence epilepsies. Diagnostics 2023, 13, 587.
[CrossRef] [PubMed]

Surina, N.M.; Fedotova, I.B.; Nikolaev, G.M.; Grechenko, V.V,; Gankovskaya, L.V.; Ogurtsova, A.D.; Poletaeva, .I. Neuroinflam-
mation in Pathogenesis of Audiogenic Epilepsy: Altered Proinflammatory Cytokine Levels in the Rats of Krushinsky—-Molodkina
Seizure-Prone Strain. Biochemistry 2023, 88, 481-490. [CrossRef] [PubMed]

Litvinova, S.A.; Voronina, T.A.; Kudrin, V.S.; Narkevich, V.B.; Surina, N.M.; Poletaeva, 1.I.; Fedotova, I.B. The Role of Brain
Monoamines in the Formation of Audiogenic Myoclonic Seizures in Krushinsky—Molodkina Rats. Neurochem. J. 2023, 17, 84-90.
[CrossRef]

Acikgoz, B.; Dalkiran, B.; Dayi, A. An overview of the currency and usefulness of behavioral tests used from past to present to
assess anxiety, social behavior and depression in rats and mice. Behav. Process. 2022, 200, 104670. [CrossRef] [PubMed]
Morimoto, K.; Fahnestock, M.; Racine, R.J. Kindling and Status Epilepticus Models of Epilepsy: Rewiring the Brain. Prog.
Neurobiol. 2004, 73, 1-60. [CrossRef]

Adamec, R.; Young, B. Neuroplasticity in Specific Limbic System Circuits May Mediate Specific Kindling Induced Changes in
Animal Affect—Implications for Understanding Anxiety Associated with Epilepsy. Neurosci. Biobehav. Rev. 2000, 24, 705-723.
[CrossRef]

Kulikov, A.A; Naumova, A.A.; Dorofeeva, N.A ; Ivlev, A.P; Glazova, M.V.; Chernigovskaya, E.V. Dynamics of Neurodegeneration
in the Hippocampus of Krushinsky-Molodkina Rats Correlates with the Progression of Limbic Seizures. Epilepsy Behav. 2022,
134, 108846. [CrossRef]

Valentim-Lima, E.; Oliveira, J.A.C.; Antunes-Rodrigues, J.; Reis, L.C.; Garcia-Cairasco, N.; Mecawi, A.S. Neuroendocrine Changes
in the Hypothalamic-neurohypophysial System in the Wistar Audiogenic Rat (WAR) Strain Submitted to Audiogenic Kindling.
J. Neuroendocrinol. 2021, 33, €12975. [CrossRef]

Jabarin, R.; Netser, S.; Wagner, S. Beyond the Three-Chamber Test: Toward a Multimodal and Objective Assessment of Social
Behavior in Rodents. Mol. Autism. 2022, 13, 41. [CrossRef]

Winslow, ].T. Mouse Social Recognition and Preference. Curr. Protoc. Neurosci. 2003, 22, 8-16. [CrossRef]

Endo, N.; Makinodan, M.; Somayama, N.; Komori, T.; Kishimoto, T.; Nishi, M. Characterization of Behavioral Phenotypes in
the BTBR T* Itpr3Y/] Mouse Model of Autism Spectrum Disorder under Social Housing Conditions Using the Multiple Animal
Positioning System. Exp. Anim. 2019, 68, 319-330. [CrossRef] [PubMed]

Kiyokawa, Y.; Kuroda, N.; Takeuchi, Y. The Strain of Unfamiliar Conspecifics Affects Stress Identification in Rats. Behav. Process.
2022, 201, 104714. [CrossRef] [PubMed]

Zou, M.; Liu, Y,; Xie, S.; Wang, L.; Li, D.; Li, L.; Wang, F.; Zhang, Y.; Xia, W.; Sun, C.; et al. Alterations of the endocannabinoid
system and its therapeutic potential in autism spectrum disorder. Open Biol. 2021, 11, 200306. [CrossRef]

Netser, S.; Meyer, A.; Magalnik, H.; Zylbertal, A.; de la Zerda, S.H.; Briller, M.; Bizer, A.; Grinevich, V.; Wagner, S. Distinct
dynamics of social motivation drive differential social behavior in laboratory rat and mouse strains. Nat. Commun. 2020, 11, 5908.
[CrossRef]

Castro, G.P,; de Castro Medeiros, D.; de Oliveira Guarnieri, L.; Mourao FA, G.; Pinto HP, P,; Pereira, G.S.; Moraes, M.E.D. Wistar
audiogenic rats display abnormal behavioral traits associated with artificial selection for seizure susceptibility. Epilepsy Behav. 2017,
71,243-249. [CrossRef]

Zhang, Y.-F,; Janke, E.; Bhattarai, ].P.; Wesson, D.W.; Ma, M. Self-Directed Orofacial Grooming Promotes Social Attraction in Mice
via Chemosensory Communication. iScience 2022, 25, 104284. [CrossRef]

Zhang-James, Y.; Yang, L.; Middleton, EA; Yang, L.; Patak, ].; Faraone, S5.V. Autism-Related Behavioral Phenotypes in an Inbred
Rat Substrain. Behav. Brain Res. 2014, 269, 103-114. [CrossRef]

Shirenova, S.D.; Khlebnikova, N.N.; Krupina, N.A. Changes in Sociability and Preference for Social Novelty in Fermale Rats in
Prolonged Social Isolation. Neurosci. Behav. Physiol. 2023, 53, 103-118. [CrossRef]

Kummer, K.; Klement, S.; Eggart, V.; Mayr, M.].; Saria, A.; Zernig, G. Conditioned place preference for social interaction in rats:
Contribution of sensory components. Front. Behav. Neurosci. 2011, 5, 80. [CrossRef]

Wohr, M.; Schwarting, R.K. Ultrasonic communication in rats: Can playback of 50-kHz calls induce approach behavior? PLoS
ONE 2007, 2, €1365. [CrossRef]

Schirmer, A.; McGlone, F. Editorial overview: Affective touch: Neurobiology and function. Curr. Opin. Behav. Sci. 2022, 45, 101129.
[CrossRef]

Haratizadeh, S.; Parvan, M.; Mohammadi, S.; Shabani, M.; Nozari, M. An overview of modeling and behavioral assessment of
autism in the rodent. Int. |. Dev. Neurosci. 2021, 81, 221-228. [CrossRef] [PubMed]

Korte, S.M.; De Boer, S.F. A robust animal model of state anxiety: Fear-potentiated behaviour in the elevated plus-maze. Eur. J.
Pharmacol. 2003, 463, 163-175. [CrossRef] [PubMed]

Beery, A K.; Shambaugh, K.L. Comparative assessment of familiarity /novelty preferences in rodents. Front. Behav. Neurosci. 2021,
15, 648830. [CrossRef] [PubMed]


https://doi.org/10.1111/jne.12846
https://doi.org/10.3390/diagnostics13040587
https://www.ncbi.nlm.nih.gov/pubmed/36832075
https://doi.org/10.1134/S0006297923040041
https://www.ncbi.nlm.nih.gov/pubmed/37080934
https://doi.org/10.1134/S1819712423010130
https://doi.org/10.1016/j.beproc.2022.104670
https://www.ncbi.nlm.nih.gov/pubmed/35667641
https://doi.org/10.1016/j.pneurobio.2004.03.009
https://doi.org/10.1016/S0149-7634(00)00032-4
https://doi.org/10.1016/j.yebeh.2022.108846
https://doi.org/10.1111/jne.12975
https://doi.org/10.1186/s13229-022-00521-6
https://doi.org/10.1002/0471142301.ns0816s22
https://doi.org/10.1538/expanim.18-0177
https://www.ncbi.nlm.nih.gov/pubmed/30905912
https://doi.org/10.1016/j.beproc.2022.104714
https://www.ncbi.nlm.nih.gov/pubmed/35901937
https://doi.org/10.1098/rsob.200306
https://doi.org/10.1038/s41467-020-19569-0
https://doi.org/10.1016/j.yebeh.2015.08.039
https://doi.org/10.1016/j.isci.2022.104284
https://doi.org/10.1016/j.bbr.2014.04.035
https://doi.org/10.1007/s11055-023-01395-8
https://doi.org/10.3389/fnbeh.2011.00080
https://doi.org/10.1371/journal.pone.0001365
https://doi.org/10.1016/j.cobeha.2022.101129
https://doi.org/10.1002/jdn.10096
https://www.ncbi.nlm.nih.gov/pubmed/33570815
https://doi.org/10.1016/S0014-2999(03)01279-2
https://www.ncbi.nlm.nih.gov/pubmed/12600708
https://doi.org/10.3389/fnbeh.2021.648830
https://www.ncbi.nlm.nih.gov/pubmed/33927601

Biomedicines 2023, 11, 2566 22 of 22

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

Cao, W.Y;; Hu, Z.L,; Xu, Y.; Zhang, W.J.; Huang, FL.; Qiao, X.Q.; Cui, YH.; Wan, W.; Wang, X.Q.; Liu, D.; et al. Role of early
environmental enrichment on the social dominance tube test at adulthood in the rat. Psychopharmacology 2017, 234, 3321-3334.
[CrossRef] [PubMed]

Fan, Z.; Zhu, H.; Zhou, T.; Wang, S.; Wu, Y.; Hu, H. Using the tube test to measure social hierarchy in mice. Nat. Protoc. 2019,
14, 819-831. [CrossRef] [PubMed]

Ennaceur, A.; Michalikova, S.; Chazot, P.L. Do rats really express neophobia towards novel objects? Experimental evidence from
exposure to novelty and to an object recognition task in an open space and an enclosed space. Behav. Brain Res. 2009, 197, 417-434.
[CrossRef]

Kuznetsova, G.D. Audiogenic seizures in rats of different genetic strains. Zhurn. Vissh. Nervn. Dejat. 1998, 48, 143-152.
Midzyanovskaya, I.S.; Kuznetsova, G.D.; Vinogradova, L.V.; Shatskova, A.B.; Coenen, A.M.; van Luijtelaar, G. Mixed forms of
epilepsy in a subpopulation of WAG/Rij rats. Epilepsy Behav. 2004, 5, 655—-661. [CrossRef]

Vinogradova, L.V.; Kuznetsova, G.D.; Coenen, A.M.L. Audiogenic seizures associated with a cortical spreading depression wave
suppress spike-wave discharges in rats. Physiol. Behav. 2005, 86, 554-558. [CrossRef]

Vinogradova, L.V. Audiogenic kindling and secondary subcortico-cortical epileptogenesis: Behavioral correlates and electro-
graphic features. Epilepsy Behav. 2017, 71, 142-153. [CrossRef] [PubMed]

Jobe, P.C.; Picchioni, A.L.; Chin, L. Role of brain norepinephrine in audiogenic seizures in the rat. ]. Pharmacol. Exp. Ther. 1973,
184, 1-10. [PubMed]

Rodriguez, A.; Zhang, H.; Klaminder, J.; Brodin, T.; Andersson, P.L.; Andersson, M. ToxTrac: A fast and robust software for
tracking organisms. Methods Ecol. Evol. 2018, 9, 460-464. [CrossRef]

Sarkisova, K.Y.; Fedotova, I.B.; Surina, N.M.; Nikolaev, G.M.; Perepelkina, O.V.; Kostina, Z.A.; Poletaeva, L.I. Genetic background
contributes to the co-morbidity of anxiety and depression with audiogenic seizure propensity and responses to fluoxetine
treatment. Epilepsy Behav. 2017, 68, 95-102. [CrossRef]

Ergaz, Z.; Weinstein-Fudim, L.; Ornoy, A. Genetic and non-genetic animal models for autism spectrum disorders (ASD). Reprod.
Toxicol. 2016, 64, 116-140. [CrossRef]

Gilby, K.L.; O’Brien, T.J. Epilepsy, autism, and neurodevelopment: Kindling a shared vulnerability? Epilepsy Behav. 2013,
26, 370-374. [CrossRef]

Usui, N.; Kobayashi, H.; Shimada, S. Neuroinflammation and Oxidative Stress in the Pathogenesis of Autism Spectrum Disorder.
Int. ]. Mol. Sci. 2023, 24, 5487. [CrossRef]

Cumper, SK.; Ahle, GM.; Liebman, L.S.; Kellner, C.H. Electroconvulsive therapy (ECT) in Parkinson’s disease: ECS and
dopamine enhancement. . ECT 2014, 30, 122-124. [CrossRef]

Nikisch, G.; Mathé, A.A. CSF monoamine metabolites and neuropeptides in depressed patients before and after electroconvulsive
therapy. Eur. Psychiatry 2008, 23, 356-359. [CrossRef]

Saijo, T.; Takano, A.; Suhara, T.; Arakawa, R.; Okumura, M.; Ichimiya, T.; Ito, H.; Okubo, Y. Effect of electroconvulsive therapy on
5-HT1A receptor binding in patients with depression: A PET study with [11CJWAY 100635. Int. ]. Neuropsychopharmacol. 2010,
13,785-791. [CrossRef]

Goto, S.; Terao, T.; Hoaki, N.; Wang, Y.; Tsuchiyama, K.; Araki, Y.; Kohno, K. Is serotonergic function associated with the
antidepressant effects of modified-electroconvulsive therapy? J. Affect. Disord. 2012, 136, 1062-1066. [CrossRef] [PubMed]
Swartz, C.M. A mechanism of seizure induction by electricity and its clinical implications. J. ECT 2014, 30, 94-97. [CrossRef]
[PubMed]

Njau, S.; Joshi, S.H.; Espinoza, R.; Leaver, A.M.; Vasavada, M.; Marquina, A.; Woods, R.P.; Narr, K.L. Neurochemical correlates of
rapid treatment response to electroconvulsive therapy in patients with major depression. J. Psychiatry Neurosci. 2017, 42, 6-16.
[CrossRef] [PubMed]

Harris, E.; Myers, H.; Saxena, K.; Mitchell-Heggs, R.; Kind, P.; Chattarji, S.; Morris, R.G.M. Experiential modulation of social
dominance in a SYNGAP1 rat model of Autism Spectrum Disorders. Eur. |. Neurosci. 2021, 54, 7733-7748. [CrossRef] [PubMed]
Werling, D.M.; Geschwind, D.H. Sex differences in autism spectrum disorders. Curr. Opin. Neurol. 2013, 26, 146. [CrossRef]
Fritz, M.; El Rawas, R.; Salti, A.; Klement, S.; Bardo, M.T.; Kemmler, G.; Zernig, G. Reversal of cocaine-conditioned place
preference and mesocorticolimbic Zif268 expression by social interaction in rats. Addict. Biol. 2011, 16, 273-284. [CrossRef]
Posserud, M.; Hysing, M.; Helland, W.; Gillberg, C.; Lundervold, A.]. Autism traits: The importance of “co-morbid” problems for
impairment and contact with services. Data from the Bergen Child Study. Res. Dev. Disabil. 2018, 72, 275-283. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00213-017-4717-3
https://www.ncbi.nlm.nih.gov/pubmed/28828505
https://doi.org/10.1038/s41596-018-0116-4
https://www.ncbi.nlm.nih.gov/pubmed/30770887
https://doi.org/10.1016/j.bbr.2008.10.007
https://doi.org/10.1016/j.yebeh.2004.06.021
https://doi.org/10.1016/j.physbeh.2005.08.017
https://doi.org/10.1016/j.yebeh.2015.06.014
https://www.ncbi.nlm.nih.gov/pubmed/26148984
https://www.ncbi.nlm.nih.gov/pubmed/4686009
https://doi.org/10.1111/2041-210X.12874
https://doi.org/10.1016/j.yebeh.2016.12.025
https://doi.org/10.1016/j.reprotox.2016.04.024
https://doi.org/10.1016/j.yebeh.2012.11.002
https://doi.org/10.3390/ijms24065487
https://doi.org/10.1097/YCT.0000000000000142
https://doi.org/10.1016/j.eurpsy.2008.03.003
https://doi.org/10.1017/S1461145709991209
https://doi.org/10.1016/j.jad.2011.11.020
https://www.ncbi.nlm.nih.gov/pubmed/22169252
https://doi.org/10.1097/YCT.0000000000000139
https://www.ncbi.nlm.nih.gov/pubmed/24810777
https://doi.org/10.1503/jpn.150177
https://www.ncbi.nlm.nih.gov/pubmed/27327561
https://doi.org/10.1111/ejn.15500
https://www.ncbi.nlm.nih.gov/pubmed/34672048
https://doi.org/10.1097/WCO.0b013e32835ee548
https://doi.org/10.1111/j.1369-1600.2010.00285.x
https://doi.org/10.1016/j.ridd.2016.01.002

	Introduction 
	Materials and Methods 
	Animals 
	Elevated Plus Maze 
	Sociability Tests 
	The Two-Choice Test for Social Preference 
	Socially Enriched Open Field Test 
	Three-Chambered Social Preference/Social Novelty Test 

	Social Dominance Test 
	Two-Object Novel Object Recognition 
	AGS Provocation 
	Automated Tracking 
	Statistical Analysis 

	Results 
	Elevated Plus Maze 
	Different Paradigms of “Social Preference/Social Novelty” Tests 
	Two Choice Social Preference Test 
	The “Socially Enriched Open Field Test” 
	The Social Preference/Social Novelty Test 

	Effect of Seizures’ Experience 
	Effect of Repetitive Testing 
	Two Object Novel Object Recognition Test 
	Social Dominance “Tube” Test 

	Discussion 
	References

