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Abstract. The incidence of autistic spectrum disorders (ASD) constantly increases in the world. Studying the mechanisms
underlying ASD as well as searching for new therapeutic targets are crucial tasks. Many researchers agree that autism is a
neurodevelopmental disorder. Clstn2-KO mouse strain with a knockout of calsyntenin 2 gene (Clstn2) is model for inves-
tigating ASD. This study aims to evaluate the social-conditioned place preference as well as density of dopaminergic (DA)
neurons in the ventral tegmental area (VTA), which belongs to the brain reward system, in the males of the Clstn2-KO strain
using wild type C57BL/6J males as controls. Social-conditioned place preference test evaluates a reward-dependent com-
ponent of social behavior. The results of this test revealed differences between the Clstn2-KO and the control males, as the
former did not value socializing with the familiar partner, spending equal time in the isolation- and socializing-associated
compartments. The Clstn2-KO group entered both compartments more frequently, but spent less time in the socializing-
associated compartment compared to the controls. By contrast, the control males of the C57BL/6J strain spent more time
in socializing-associated compartment and less time in the compartment that was associated with loneness. At the same
time, an increased number of DA and possibly GABA neurons labeled with antibodies against the type 2 dopamine receptor
as well as against tyrosine hydroxylase were detected in the VTA of the Clstn2-KO mice. Thus, a change in social-conditioned
place preference in Clstn2-KO mice as well as a higher number of neurons expressing type 2 dopamine receptors and tyro-
sine hydroxylase in the VTA, the key structure of the mesolimbic dopaminergic pathway, were observed.

Key words: Clstn2-KO mice; social behavior; brain; ventral tegmental area; dopaminergic neurons.

For citation: Rozhkova I.N., Okotrub S.V,, Brusentsev E.Yu., Uldanova K.E., Chuyko E.A., Naprimerov V.A,, Lipina T.V., Amstislav-
skaya T.G., Amstislavsky S.Ya. Alterations in the social-conditioned place preference and density of dopaminergic neurons in
the ventral tegmental area in Clsnt2-KO mice. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding.
2023;27(2):177-184. DOI 10.18699/VIGB-23-14

VI3MeHeHNs B COLIMaJIbHOM ITpeANOUYTEeHIN MeCTa
1 IIJIOTHOCTh Ao aMMHePTrUecKx HelipoHOB
B BeHTpaJibHOM TerMeHTyMe vV Clsnt2-KO mbliieii

VLH. Poxxosal, C.B. Oxotpy6!, E.IO. Bpyceriies!, E.E. Yabaanosal, D.A. Uyitko!, B.A. Hanmpumepos’ 2, T.B. Aurmna?,
T.I. AMctucaaBckas?, C.5. Amctucaasckuit! @

T depepanbHbIl viccneaoBaTeNbCKIA LEHTP VHCTATYT LMTONOTUM 1 reHeTrKi CUGUPCKOTo oTAeNeHUs Poccuiickoi akaaemun Hayk, HoBocu6npck, Poccusa
2 HoBocnbrpcKkmii rocyaapCcTBEHHbIN arpapHbii yHuBepcuTteT, HoBocnbupck, Poccna

3 YHusepcuteT TopoHTo, TopoHTO, KaHapa

4 HayuHo-nccnenoBaTenbCKuin UHCTUTYT HelpoHayK U MeanLMHbI CUBUPCKOro oTaeneHns POCciickol akaaemun Hayk, HoBocubupck, Poccus

@ amstis@yandex.ru

AHHoOTayusa. B Mupe HabnogaeTca pocT ciydyaeB paccTponcTs ayTuctuyeckoro cnektpa (PAC). MiccnegoBaHue mexaHums-
MOB U NMPUYMH BO3HUKHOBEHUA PAC, a TakKe MOUCK MULLEHEN AN1A Tepanmnm STUX PacCTPONCTB ABNAIOTCA akTyaslbHOW 3aja-
Yeir. MHOrve nccnepoBaTtenn CXOAATCA BO MHEHWM, YTO BO3HUKHOBEHME ayTH3Ma CBA3aHO C HapyLUeHeM pa3BUTUA HepB-
Hol cucTembl. JTuHMA mbiwei Clstn2-KO, HokayTOB MO reHy KaslbCUHTEHWH-2, NofyyeHHas Ha ocHoee C57BL/6J, mogenvpyet
cumnTombl PAC. [laHHOe uccnefoBaHyie 6bin0 HanpaeneHo Ha usyyeHue y camuos Clstn2-KO coumanbHoro npegnoyteHus
MecTa ¥ NAOTHOCTU AodaMVHEPrMYecKrX HEMPOHOB B BEHTPaslbHOM TErMEHTYME, KOTOPbI npefcTaBniAeT coboi YacTb
CUCTeMbl BO3HArpaXkAeHusa rofloBHOFO MO3ra, B CPaBHEHWW C KOHTPOJIbHOW nnHMen mbiwein C57BL/6J grkoro Tina. Tect
«coumanbHO 06yCIoBlIeHHOE NpenoYTeHNE MeCTa» OTPakaeT coLmarnbHOe BO3HarpaxaeHve. Pesynbtatbl 3Toro Tecta no-
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Social behavior and density of dopaminergic neurons
in the ventral tegmental area in Clsnt2-KO mice

Kasanu, yto y camuos Clstn2-KO HabniopaloTca OTKIOHEHMA OT KOHTPOJIbHBIX Mbillei B COLMANbHOM BO3HarpakaeHuu,
TaK Kak OHV NPOBOAUIM OAUHAKOBOE BpeMs B 060MX OTCEKaxX YCTaHOBKU, aCCOLMUPOBaHHbIX 60 ¢ usonaumen, nnbo ¢
coupranusaumei co 3HakoMblM NapTHeEPOM. MNpur 3ToM xMBOTHbIE 13 rpynnbl Clstn2-KO 3axogunu B 06e yacTvi Kamepbl 3Ha-
YNTENbHO Yalle, HO NPOBOAWN MeHbLLE BPeMeH B COLManbHO-aCCoOLMMPOBAHHOM OTCEKE MO CPaBHEHNIO C KOHTPOJTbHOM
rpynnoi. Camubl KOHTPOsSIbHOW NMHKUK C57BL/6J, HanpoTuB, NpoBoAMAN Gonblle BPeMeHU B OTCeKe, acCOLMUPOBAHHOM C
coumranusaumen, rae 6b110 B3aUMOAENCTBIE C COPOAMYEM, U MEHbLLE B OTCEKE, B KOTOPOM paHee 0cobb HaXxoAmnach B OAN-
HouecTBe. B BeHTpanbHOM TerMeHTyMe, OTBeYaloLeM 3a NPOoLLeCChl, CBA3aHHbIe C BO3HarpaxaeHuem, y moiwwein Clstn2-KO
6bl1I0 OO6HAPY>KEHO MOBBILEHHOE YMCIO AOdaMUHEPTUYECKUX HEMPOHOB U1, BO3MOXHO, TAMK-epruyecknx HelpoHOB,
MeYeHHbIX aHTUTeNaMn NPoTnB p,Od)aMVIHOBOFO peuenTtopa BTOPOro tuna 1 TUPO3NHIMapoOKcuiasbl. Ha ocHoBaHuu no-
NYYEHHbIX PE3YNbTAaTOB MOXKHO 3aKIOUNTb, UTO Y Mblwel Clstn2-KO nmeet MecTo M3MEHEeHNe 3HaYMMOCTN COLUaNbHOro
BO3HarpakfeHus, a Takke o6HapyeHO NOBbILEHHOE YMCSIO HENPOHOB, SKCNpeccupyLmx odamrHoBbIe peLenTopbl
BTOPOrO TUMa 1 TUPO3NHINAPOKCWNA3Y, B OfHOW M3 BaXKHbIX CTPYKTYP Me3onnmbrnyeckoro sgodammHeprnyeckoro nytm —
BEHTPaJIbHOM TerMeHTYMe, KOTOPbIV ABAETCA YaCTblo CUCTEMbI BO3HArpaxaeHus.

KnioueBble cnosa: mbiwm Clstn2-KO; coumanbHoe BO3HarpakaeHne; Mo3r; BEHTpasibHbIN TerMeHTYM; fodaMuHeprmyeckme

HEeNpPOHbI.

Introduction
Autism Spectrum Disorders (ASD) in children are characte-
rized by impaired social interaction, low interest in peers, and
difficulties in maintaining social contacts (Autism Spectrum
Disorder, 2013). Many researchers agree that the ASD are
developmental disorders of the nervous system (Bourgeron,
2009; Buxbaum, 2009; Marshall, Mason, 2019; Sawicka et
al., 2019; Girault, Piven, 2020; Yang, Shcheglovitov, 2020).
An imbalance between excitation and inhibition processes in
various brain structures is characteristic for ASD (Canitano,
2007), which is caused by abnormal interactions between
neurons and by impaired synaptic plasticity (Zoghbi, 2003).
Mutations in the adhesion proteins genes, which play a key
role in intercellular connections, including interneuronal and
neuroglial contacts, have been identified in a number of ASD
studies (Bourgeron, 2009; Buxbaum, 2009). In particular,
impaired synthesis of neurexins, neuroligins, contactins, and
cadherins may be associated with the development of ASD
in humans (Bourgeron, 2009; Buxbaum, 2009). Also, in the
mouse strains modeling these disorders, the expression of
genes responsible for the formation of these proteins may be
impaired (Lipina et al., 2016; Zhang Q. et al., 2019).
Calcintenin-1, -2 and -3 (Clstnl, Clstn2 and Clstn3), be-
longing to the cadherin family, are synaptic adhesion proteins
that are able to bind Ca2" ions and regulate their intracellular
concentration. Of particular interest is Clstn2, which is spe-
cifically expressed in inhibitory interneurons (Hintsch et al.,
2002) and is associated with verbal memory in adolescents
(Jacobsen et al., 2009), as well as with semantic and cognitive
characteristics in the elderly (Laukka et al., 2013). Moreover,
genetic analysis of gene copy number variation in autistic pa-
tients revealed a deletion of the 2nd intron of the Clstn2 gene
(AlAyadhi etal., 2016). According to The Human Protein Atlas
(https://www.proteinatlas.org/), Clstn2 in mice is expressed in
the hippocampus and some other brain structures, including
the midbrain. To study the function of this protein, a Clstn2
knockout (Clstn2-KO) mouse strain based on C57BL/6] was
established (Lipina et al., 2016). As we have shown earlier, the
absence of Clstn2 in mice causes a selective deficit of inhibi-
tory interneurons in the prefrontal cortex and hippocampus
(Lipina et al., 2016). This is accompanied by the manifesta-
tion of ASD-like conditions, including stereotypy, insufficient
social motivation, abnormal ultrasonic vocalization (Ranneva
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et al., 2017; Klenova et al., 2021), as well as morphological
changes in synapses (Ranneva et al., 2020).

Previously, structural and functional disorders in the me-
solimbic dopaminergic pathway, which includes the ventral
tegmental area (VTA) and nucleus accumbens, were found in
children with ASD, and these changes in the reward system
were demonstrated to be associated with underdevelopment
of social skills (Supekar et al., 2018). Studies demonstrate
that synaptic proteins associated with the development of
ASD (Huguet et al., 2016) play an important role in the
functioning of the mesolimbic pathway of the dopaminergic
(DS) and GABAergic brain systems (Hart et al., 2012; Ka-
rayannis et al., 2014), one of the key midbrain components of
which is the VTA (Lammel et al., 2008; Morales, Margolis,
2017). The VTA is a key structure of the reward brain system
(Sesack, Grace, 2010) and regulates behavioral response to
reward/punishment, including social reinforcement (Gunay-
din, Deisseroth, 2014; Saunders et al., 2015). The VTA con-
tains the bodies of dopaminergic (DA) neurons, as well as
the glutamatergic and GABAergic neurons (Saunders et al.,
2015). Terminals of DA neurons of the dopamine mesolimbic
pathway are characterized by co-transmission, i. e. the ability
to release various neurotransmitters, in particular, dopamine,
glutamate, and GABA (Rootetal., 2014; Zhang S. et al., 2015;
Berrios et al., 2016).

One of the theories of autism is based on the notion that
social motivation is reduced in autistic persons due to the
alterations in the brain reward system (Kohls et al., 2012).
Although the development of subcortical neuronal mecha-
nisms of the brain is critical within the first months of life,
the brain structures involved in the reward processes, that is,
in the formation and correction of behavior through positive
reactions to various stimuli, are functioning during the life-
span (Kohls et al., 2012, 2014). The imbalance between social
and non-social motivation is the peculiar characteristic of the
reward system in autistic persons (Kohls et al., 2014). This
theory assumes that the reward system in ASD subjects is
hyperactive in response to interests unrelated to socialization,
while disruption of social behavior associates underactivity
of the brain reward system in response to socially significant
stimuli (Kohls et al., 2012, 2014).

The neurobiological reward system includes DA neurons
of the VTA, which have projections mainly to the nucleus
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accumbens and to the prefrontal cortex, and regulates social
motivation (Saunders et al., 2015). It was demonstrated that
DA neurons of the reward system increase their activity during
the interaction of a mouse with a relative (Solie et al., 2022).
A characteristic feature of DA neurons is that they release
dopamine as a neurotransmitter and also contain the enzyme
tyrosine hydroxylase (TH), which is necessary for its synthesis
(Morales, Margolis, 2017). The study of Lammel et al. (2008)
considers two types of DA neurons in the VTA (Lammel et al.,
2008). Type 1 DA neurons express TH and a dopamine recep-
tor type 2 (D2R), and their terminals end up within the shell of
the nucleus accumbens and in the dorsolateral striatum. Type 2
DA neurons express TH, but not D2R, and their endings spread
to the prefrontal cortex, the core and the medial zone of the
shell of the nucleus accumbens, as well as the basolateral parts
of the amygdala nuclei. The D2R, which can be expressed
not only on DA but also on GABAergic neurons (Lammel et
al., 2008; Margolis et al., 2012; Morales, Margolis, 2017), is
associated with addictive behavior in which the brain reward
system, the VTA in particular, is involved (Bello et al., 2011).

Mice express social behavior in a variety of contexts,
including interactions with peers of the same and the op-
posite sex, it is also involved in early play behavior and in
mother-offspring interactions (Chen, Hong, 2018). The social-
conditioned place preference test evaluates social reward in
young and adult mice when a certain context is associated with
positive social interaction with a familiar partner (Panksepp,
Lahvis, 2007; Lipina et al., 2013; Lan et al., 2019). Based on
this, we hypothesized that ASD-like social behavior may be
associated with impaired functioning of one or more elements
of the mesolimbic dopaminergic pathway, which plays an im-
portant role in the regulation of social preference (Gunaydin,
Deisseroth, 2014).

The aim of this work was to study social reward in Cistn2
knockout mice (Clstn2-KO), as well as to study the density
of neurons containing D2R and TH in the VTA.

Materials and methods
Experimental animals. Seven Clstn2-KO males, and five
wild-type (C57BL/6J) males at the age of three months were
used in this study. Animals were kept in the same-sex groups
of 3-5 individuals in 36 X 25 x 14 cm (length x width % height)
cages, in a conventional vivarium at the Institute of Neuro-
sciences and Medicine (Novosibirsk) with sawdust bedding;
12D:12L cycle, at 20-22 °C, with free access to dry granulated
food for laboratory rodents and to purified water. All studies
were done in accordance with the European Convention for
the Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (ETS No. 123).
Social-conditioned place preference test. The study was
carried out as described previously (Panksepp, Lahvis, 2007;
Lipina et al., 2013; Lan et al., 2019), with minor modifica-
tions. Briefly, on the eve of the experiment, the animals were
kept individually for 24 hours. The experimental chamber
consisted of three compartments. Two outer compartments
(between which there was a third — an intermediate compart-
ment) were separated by removable partitions. The floor, made
of polypropylene, was of a different texture in the two outer
compartments: rough and smooth. Before testing, the mice
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were adapted to the experimental cage and the selection of
the floor texture by the tested mouse was evaluated to exclude
the possibility of the preference for one or another surface
non-related with social interaction (session “adaptation’).
The assessment was carried out visually using a stopwatch:
the time spent (in seconds) in each of the compartments
during 20 minutes. After adaptation, the test animals were
housed in separate cages for 24 hours. Thereafter, the main
experiment started.

The compartment with a rough surface was associated with
social interaction, as the studied mouse was there in contact
with its familiar relative of the same sex, age, and genotype,
while the compartment with a smooth surface was associated
with isolation, as the mouse was alone there. The procedure
for establishing an “association” of the surface type with the
compartment context took three days. On the first day of the
experiment, the tested mouse was placed for 20 minutes in a
compartment with a rough floor for socialization with a fami-
liar partner. Three hours later, the animal was transferred to a
compartment with a smooth floor, where it was left alone for
20 minutes. On the second day, the test mouse was first placed
in the smooth surface compartment, where it was alone for
20 minutes, and after three hours, it was placed in the rough
surface compartment with a partner for 20 minutes. On the
third day of the experiment, the conditions were repeated
as described for the first day. It is important to note that the
familiar partner during the 20-minute socialization remained
the same for each experimental animal during the three days
of social reward formation. After each 20-minute session,
surfaces were cleaned up with 70 % alcohol to remove odors
and the surfaces were thoroughly dried. On the fourth day, the
mice explored the set for 15 minutes (basic behavior session).
On the fifth day of the experiment (“social reward test’), each
mouse was placed in the central compartment of an empty
setup, the partitions were removed to allow free movement,
and the time spent in the compartments with a smooth and
rough floor texture was recorded for 20 minutes. The evalua-
tion was carried out visually using a stopwatch. The criterion
for the presence of a mouse in a particular compartment was
the presence of the entire body of the animal (all four paws) in
the compartment, either with a rough or smooth floor covering.

Intracardiac perfusion. All animals used in the behavio-
ral experiment were perfused the day after its completion
through the circulatory system to fix the brain. Mice were
anesthetized by intramuscular injection of 75 pL (per 10 g of
weight) medetomidine hydrochloride (Meditin, 1 mg/ml; API-
SAN, Russia) and 60 pL (per 10 g of weight) zoletil (Virbac,
France). Thereafter, mice were injected through the circulatory
system with 30-50 mL of phosphate-buffered saline (PBS),
and then 10 % formalin solution based on PBS. After that, the
brain was removed and placed in a 30 % sucrose solution in
PBS at +4 °C for dehydration and further fixation for the next
3—4 weeks until the fixed material sank to the bottom of the
flask. The fixed brain samples were frozen using Tissue-Tek
O.C.T. (Sakura Finetek, USA) and stored at —70 °C.

Preparation of frozen brain slices. Three animals were
randomly chosen for each group for the histological analysis.
Frozen brain sections from each of the animals were made
at a distance of —2.92 to —3.28 mm from the bregma, which
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corresponds to the area of the VTA. Sections 10 um thick
were obtained on an HM550 OP Cryotome (Thermo Fisher
Scientific, USA) at —25 °C and placed on Superfrost Plus,
Menzel-Glaser glass slides (Thermo Fisher Scientific).

Immunohistochemical staining. Sample staining was
performed according to the manufacturer’s protocols with
minor modifications. Briefly, after washing and exposure
to Protein Block ab64226 (Abcam, UK), 50 pL of the cor-
responding antibody was added and left in a humid dark
chamber overnight at +4 °C. The concentration of antibodies
was: 1:400, 1:800 — anti-D2R-AF647 sc-5303 (Santa Cruz
Biotechnology, USA) and anti-TH-AF488 MAB318-AF488
(Merck, Germany), respectively. Thereafter, the samples
were washed in PBS-Tween, excess liquid was removed and
placed in ProLong, Glass Antifade Mountant, Thermo P36982
(Thermo Fisher Scientific).

Analysis of the density of neurons. Images were ob-
tained using a confocal laser scanning microscope LSM 780
(Carl Zeiss, Germany) equipped with a Plan-Apochromat
20x/0.8 M27 objective (Carl Zeiss) at the research facilities
of the Center for Collective Use of Microscopic Analysis of
Biological Objects of the Siberian Branch of the Russian Aca-
demy of Sciences (https://ckp.icgen.ru/ckpmabo/) to estimate
the density of antibodies labeled neurons. The number of cells
was counted manually: without the use of special programs
for counting, in at least three sections per animal, in a field
of view of 10000 um? (one field of view per section). Since
the VTA is a heterogeneous structure (Sanchez-Catalan et
al., 2014), we took sections throughout the entire area, which
correspond to a certain distance from the bregma, i.e., the
rostral part of the VTA —2.92 mm, the central part —3.16 mm
and caudal part —3.28 mm according to the atlas (Paxinos,
Franklin, 2001). The ImageJ program was used to restrict
the field of view (10000 um?). The average number of cells
from three sections for each animal and the average volume
density (mm?®) were calculated.

Statistical analysis. The analysis of the results was car-
ried out using the STATISTICA v. 12.0 (StatSoft, Inc., USA)
software package. All data were tested for normality using the
Shapiro—Wilk W-test. Data on the behavioral parameters are
presented as mean=standard error of the mean (M+SEM).
Comparison between groups was performed using Student’s
t-test. Data on neuron density are presented as a median
with the first and third quartiles — Me [Q1;Q3]. The density
of labeled neurons between groups was compared using the
Mann—Whitney U-test. The significance level was taken at
p <0.05.

Social-conditioned place preference

Social behavior and density of dopaminergic neurons
in the ventral tegmental area in Clsnt2-KO mice

Results

The preliminary testing of the control (C57BL/6J) and
Clstn2-KO mice before the start of the main experiment did
not reveal significant differences on the time spent in the
compartments with smooth (499.8+43.6 and 490.5+37.0 sec,
respectively) and rough (550.7+17.8 and 472.8 +28.3 sec, re-
spectively) floor; thus the preference for a certain compartment
by mice of both studied groups was excluded. The results of
the main test are presented in the Table. Mice of the control
group spent more time (p < 0.05) in the socially associated
compartment, where there was interaction with the conspeci-
fics, compared with the compartment in which the individual
was previously alone. Meanwhile, Clstn2-KO mice spent the
same amount of time in both compartments. At the same time,
animals from the Clstn2-KO group entered both parts of the
chamber much more often (p < 0.001), but spent less time
(p <0.05) in the socially associated compartment compared
to mice of the control group.

Data on the density of VTA neurons labeled with D2R and
TH antibodies are presented in Figures 1 and 2. Statistical
analysis revealed a higher (p < 0.001) density of neurons
labeled with anti-D2R and anti-TH in Clstn2-KO knockout
mice in the studied area as compared to controls.

Discussion

Previously, the social-conditioned place preference test was
already used on mice of different strains (C57BL, DBA,
BALB, Disc1-Q31L) (Panksepp, Lahvis, 2007; Lipina et
al., 2013; Lan et al., 2019). It was shown that normally the
animals spend more time in the compartment where they had
previously contacted conspecifics; these findings are consis-
tent with the notion that socially conditioned place preference
reflects social rewards (Panksepp, Lahvis, 2007). In our study,
we examined social place preference as well as the density of
anti-D2R and anti-TH antibody-labeled neurons in the VTA of
Clstn2-KO males and wild-type control (C57BL/6J) mice. In
the social-conditioned place preference test, Clstn2-KO mice
entered both compartments significantly more often, which
is apparently due to their higher level of locomotor activity
compared to the controls, which is consistent with the hyper-
activity of these animals described in an earlier work (Lipina
et al., 2016). It is possible that Clstn2-KO mice, due to their
hyperactivity, were unable to form a reward caused by daily
socialization with a familiar partner, and as a result, were
unable to express their preference for the “social” compart-
ment. The observed impairment of social place preference in
Clstn2-KO mice is in good agreement with the previously

Parameters

Strain (number of males)

*p < 0.05 as compared with time in isolation-associated compartment; *p < 0.05 as compared with C57BL/6J; ***p < 0.001 as compared with C57BL/6.
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Fig. 1. The density of neurons labeled with anti-D2R, and anti-TH in the ventral tegmental area.

N - number of neurons in the field of interest. ® — density of neurons obtained per each slice. The upper and the lower bounds of the
boxes correspond to the first and the third quartiles, respectively; bold horizontal line - median; vertical lines - standard deviation.
**¥p < 0.001 as compared with C57BL/6..
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Fig. 2. The density of neurons labeled with antibodies against the second dopamine receptor (anti-D2R-AF647) and tyrosine
hydroxylase (anti-TH-AF488) in males of C57BL/6J and Clstn2-KO strains in the ventral tegmental area.
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reported impairment of social behavior for these mice (Ran-
neva et al., 2017; Klenova et al., 2021).

In our work, we focused on the study of neurons expressing
D2R and TH in the VTA. In both Clstn2-KO and C57BL/6J
mice, the number of neurons labeled with anti-TH antibodies
was slightly higher than the number of neurons labeled against
D2R. This is apparently due to the fact that not only the DA
neurons in which TH is found but also GABAergic neurons of
the VTA express D2R (Lammel et al., 2008; Morales, Margo-
lis, 2017). Meanwhile, we found more neurons with both D2R
and TH in the VTA of Clstn2-KO mice compared to controls.

It was found that Clstn2-KO mice have more neurons con-
taining D2R, as well as TH in the VTA compared to C57BL
mice. Our data, as well as the results obtained on other strains
of mice modeling ASD (Squillace et al., 2014; Bariselli et al.,
2016, 2018; Chao et al., 2020; Tassan Mazzocco et al., 2021),
indicate changes in the mesolimbic dopaminergic pathway,
which also plays an important role in human ASD (Supekar
et al., 2018). In particular, in the work on mice of the BTBR
strain, despite the fact that they did not reveal functional
changes in DIR in the striatum, a sharp decrease in D2R func-
tions was observed upon activation of DA neurons (Squillace
etal., 2014). Also, in Shank3 and Nlgn3-KO mice, a decrease
in the activity of DA neurons in the VTA was revealed, which
caused a behavioral deficit, including alterations of social
preferences compared to C57BL controls (Bariselli et al.,
2016, 2018). In another study, two strains of mice modeling
different forms of ASD were studied: BTBR and Fmr1-KO
(Chao etal., 2020). A general decrease in tyrosine hydroxylase
expression was found in the substantia nigra, VTA and striatum
and in BTBR mice compared to C57BL mice, but not in the
Fmr1-KO strain (Chao et al., 2020). In a study of TKO mice,
which is another model of autism, no changes were found in
the VTA DA neurons (Tassan Mazzocco et al., 2021).

Thus, ASD is often, but not always, associated with dis-
turbances in the DS in the VTA. A rather unexpected result is
that in Clstn2-KO mice the DS in the VTA is changed, but in
the direction of an increase in the number of neurons contain-
ing D2R and TH. The previously described hyperactivity of
Clstn2-KO mice (Lipina et al., 2016), which was corroborated
in the current work by the increased frequency of entering of
the compartments in the social-conditioned place preference
test, may be associated with an increased density of neurons
expressing D2R. It has been shown in the hyperactive Colo-
boma mice, that knockout of the D2R dopamine receptor gene
resulted in a decrease in locomotor activity compared to con-
trols (Fan etal., 2010). Based on this, one may assume that the
increase in neurons with D2R in the VTA of Clstn2-KO mice
reported herein may be associated with an increased locomo-
tor activity of these animals. It is also interesting to note that
human studies have shown that nucleotide polymorphism in
the D2R gene can be considered as a potential risk factor for
the development of not only ASD, but also attention deficit
hyperactivity disorder (Mariggio et al., 2021).

It was previously shown that male Disc1-Q31L mice with
depression-like behavior, which were studied in the social-
conditioned place preference test, unlike Clstn2-KO mice,
preferred the compartment associated with isolation (Lipina
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et al., 2013). It can be assumed that this test adequately as-
sesses the alterations of social behavior different models of
mental disorders. Indeed, a depressive-like state caused by
a deficiency of monoamines, including DA, is characterized
by a complete avoidance of social contacts, which was de-
monstrated for the Disc1-Q31L strain (Lipina et al., 2013).
However, in our study on Clstn2-KO mice, which are a model
of ASD, results of this test were different. Nevertheless, we
cannot completely exclude the effect of impaired spatial long-
term memory observed in the Morris test in Clstn2-KO mice
(Lipina et al., 2016) on social preference, which needs to be
considered in future studies.

The data obtained may indicate a decrease in motivation for
interacting with conspecifics in mice with a knockout for the
Cistn2 gene, as the mice of this strain have not demonstrated
preferences to social-associated compartment. Also, changes
were found in the VTA, which plays an important role in
social preference (Gunaydin, Deisseroth, 2014); in this brain
structure, an increased number of neurons expressing D2R and
TH was found in Clstn2-KO mice. Thus, it can be assumed that
the Clstn2 gene plays a certain role in dopamine-dependent
processes of reward and motor activity, which may be asso-
ciated with changes in the density of DA neurons in the VTA.

Conclusion

The results of this study suggest that Clstn2 knockout mice,
which can be considered as a model for studying autism
spectrum disorders, demonstrate a change in the perception of
social reward and an increased number of neurons expressing
dopamine type 2 receptors and tyrosine hydroxylase in one
of the important structures of the mesolimbic dopaminergic
pathway — the ventral tegmental area, which is part of the
reward system.

References

AlAyadhi L.Y., Hashmi J.A., Igbal M., Albalawi A.M., Samman M.,
Elamin N.E., Bashir S., Basit S. High-resolution SNP genotyping
platform identified recurrent and novel CNVs in autism multiplex
families. Neuroscience. 2016;339:561-570. DOI 10.1016/j.neuro
science.2016.10.030.

Autism spectrum disorder. In: Diagnostic and Statistical Manual of
Mental Disorders, 5th Edn. Washington, DC: American Psychiatric
Association, 2013;50-59.

Bariselli S., Hornberg H., Prevost-Solie C., Musardo S., Hatstatt-
Burkle L., Scheiffele P., Bellone C. Role of VTA dopamine neurons
and neuroligin 3 in sociability traits related to nonfamiliar con-
specific interaction. Nat. Commun. 2018;9(1):3173. DOI 10.1038/
s41467-018-05382-3.

Bariselli S., Tzanoulinou S., Glangetas C., Prevost-Solie C., Pucci L.,
Viguie J., Bezzi P., O’Connor E.C., Georges F., Luscher C., Bel-
lone C. SHANKS3 controls maturation of social reward circuits in the
VTA. Nat. Neurosci. 2016;19(7):926-934. DOI 10.1038/nn.4319.

Bello E.P., Mateo Y., Gelman D.M., Noain D., Shin J.H., Low M.J., Al-
varez V.A., Lovinger D.M., Rubinstein M. Cocaine supersensitivity
and enhanced motivation for reward in mice lacking dopamine D2
autoreceptors. Nat. Neurosci. 2011;14(8):1033-1038. DOI 10.1038/
nn.2862.

Berrios J., Stamatakis A.M., Kantak P.A., McElligott Z.A., Jud-
son M.C., Aita M., Rougie M., Stuber G.D., Philpot B.D. Loss of
UBE3A from TH-expressing neurons suppresses GABA co-release
and enhances VTA-NAc optical self-stimulation. Nat. Commun.
2016;7:10702. DOI 10.1038/ncomms10702.

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 2



W.H. PoxkoBa, C.B. OkoTpy6, E.lO. BpyceHues ...
T.B. NIunuHa, T.I. AMcTucnasckas, C.A. AMCTUCNaBCKNI

Bourgeron T. A synaptic trek to autism. Curr. Opin. Neurobiol. 2009;
19(2):231-234. DOI 10.1016/j.conb.2009.06.003.

Buxbaum J.D. Multiple rare variants in the etiology of autism spec-
trum disorders. Dialogues Clin. Neurosci. 2009;11(1):35-43. DOI
10.31887/DCNS.2009.11.1/jdbuxbaum.

Canitano R. Epilepsy in autism spectrum disorders. Eur. Child. Adolesc.
Psychiatry. 2007;16(1):61-66. DOI 10.1007/s00787-006-0563-2.
Chao O.Y., Pathak S.S., Zhang H., Dunaway N., Li J.S., Mattern C.,

Nikolaus S., Huston J.P., Yang Y.M. Altered dopaminergic path-
ways and therapeutic effects of intranasal dopamine in two distinct
mouse models of autism. Mol. Brain. 2020;13(1):111. DOI 10.1186/

$13041-020-00649-7.

Chen P., Hong W. Neural circuit mechanisms of social behavior. Neu-
ron. 2018;98(1):16-30. DOI 10.1016/j.neuron.2018.02.026.

Fan X., Xu M., Hess E.J. D2 dopamine receptor subtype-mediated hy-
peractivity and amphetamine responses in a model of ADHD. Neu-
robiol. Dis. 2010;37(1):228-236. DOI 10.1016/.n1bd.2009.10.009.

Girault J.B., Piven J. The neurodevelopment of autism from infancy
through toddlerhood. Neuroimaging Clin. N. Am. 2020;30(1):97-
114. DOI 10.1016/j.ni¢.2019.09.009.

Gunaydin L.A., Deisseroth K. Dopaminergic dynamics contributing
to social behavior. Cold Spring Harb. Symp. Quant. Biol. 2014;79:
221-227.DOI 10.1101/sqb.2014.79.024711.

Hart A.B., Engelhardt B.E., Wardle M.C., Sokoloff G., Stephens M.,
de Wit H., Palmer A.A. Genome-wide association study of d-am-
phetamine response in healthy volunteers identifies putative asso-
ciations, including cadherin 13 (CDHI3). PLoS One. 2012;7(8):
e42646. DOI 10.1371/journal.pone.0042646.

Hintsch G., Zurlinden A., Meskenaite V., Steuble M., Fink-Widmer K.,
Kinter J., Sonderegger P. The calsyntenins — a family of postsynap-
tic membrane proteins with distinct neuronal expression patterns.
Mol. Cell. Neurosci. 2002;21(3):393-409. DOI 10.1006/mcne.2002.
1181.

Huguet G., Benabou M., Bourgeron T. The genetics of autism spec-
trum disorders. In: Sassone-Corsi P., Christen Y. (Eds.) A Time for
Metabolism and Hormones. Research and Perspectives in Endocrine
Interactions. Cham: Springer, 2016;101-130. DOI 10.1007/978-3-
319-27069-2_11.

Jacobsen L.K., Picciotto M.R., Heath C.J., Mencl W.E., Gelernter J.
Allelic variation of calsyntenin 2 (CLSTN2) modulates the impact
of developmental tobacco smoke exposure on mnemonic processing
in adolescents. Biol. Psychiatry. 2009;65(8):671-679. DOI 10.1016/
j-biopsych.2008.10.024.

Karayannis T., Au E., Patel J.C., Kruglikov 1., Markx S., Delorme R.,
Heron D., Salomon D., Glessner J., Restituito S., Gordon A., Rodri-
guez-Murillo L., Roy N.C., Gogos J.A., Rudy B., Rice M.E., Ka-
rayiorgou M., Hakonarson H., Keren B., Huguet G., Bourgeron T.,
Hoeffer C., Tsien R.W., Peles E., Fishell G. Cntnap4 differentially
contributes to GABAergic and dopaminergic synaptic transmission.
Nature. 2014;511(7508):236-240. DOI 10.1038/nature13248.

Klenova A.V., Volodin I.A., Volodina E.V., Ranneva S.V., Amstislav-
skaja T.G., Lipina T.V. Vocal and physical phenotypes of calsyn-
tenin2 knockout mouse pups model early-life symptoms of the au-
tism spectrum disorder. Behav. Brain Res. 2021;412:113430. DOI
10.1016/j.bbr.2021.113430.

Kohls G., Chevallier C., Troiani V., Schultz R.T. Social ‘wanting’ dys-
function in autism: neurobiological underpinnings and treatment im-
plications. J. Neurodev. Disord. 2012;4(1):10. DOI 10.1186/1866-
1955-4-10.

Kohls G., Yerys B.E., Schultz R.T. Striatal development in autism: re-
petitive behaviors and the reward circuitry. Biol. Psychiatry. 2014;
76(5):358-359. DOI 10.1016/j.biopsych.2014.07.010.

Lammel S., Hetzel A., Hackel O., Jones I., Liss B., Roeper J. Unique
properties of mesoprefrontal neurons within a dual mesocorticolim-
bic dopamine system. Neuron. 2008;57(5):760-773. DOI 10.1016/
j-neuron.2008.01.022.

2023
27.2

CoumanbHoe noBefeHve 1 NIOTHOCTb AodaMMHEePrUYeCKUX
HelpOHOB B BeHTpanbHoM TermeHTymMe Clsnt2-KO mbiwweit

Lan A., Stein D., Portillo M., Toiber D., Kofman O. Impaired innate
and conditioned social behavior in adult C57B16/] mice prenatally
exposed to chlorpyrifos. Behav. Brain Funct. 2019;15(1):2. DOI
10.1186/s12993-019-0153-3.

Laukka E.J., Lovden M., Herlitz A., Karlsson S., Ferencz B., Pant-
zar A., Keller L., Graff C., Fratiglioni L., Backman L. Genetic effects
on old-age cognitive functioning: a population-based study. Psychol.
Aging. 2013;28(1):262-274. DOI 10.1037/a0030829.

Lipina T.V., Fletcher P.J., Lee F.H., Wong A.H.C., Roder J.C. Dis-
rupted-in-schizophrenia-1 Gln31Leu polymorphism results in social
anhedonia associated with monoaminergic imbalance and reduction
of CREB and f-arrestin-1,2 in the nucleus accumbens in a mouse
model of depression. Neuropsychopharmacology. 2013;38(3):423-
436. DOI 10.1038/npp.2012.197.

Lipina T.V., Prasad T., Yokomaku D., Luo L., Connor S.A., Kawabe H.,
Wang Y.T., Brose N., Roder J.C., Craig A.M. Cognitive deficits in
calsyntenin-2 deficient mice associated with reduced GABAergic
transmission. Neuropsychopharmacolocy. 2016;41(3):802-810. DOI
10.1038/npp.2015.206.

Margolis E.B., Toy B., Himmels P., Morales M., Fields H.L. Identifica-
tion of rat ventral tegmental area GABAergic neurons. PLoS One.
2012;7(7):e42365. DOI 10.1371/journal.pone.0042365.

Mariggio M.A., Palumbi R., Vinella A., Laterza R., Petruzzelli M.G.,
Peschechera A., Gabellone A., Gentile O., Vincenti A., Margari L.
DRD1 and DRD?2 receptor polymorphisms: genetic neuromodula-
tion of the dopaminergic system as a risk factor for ASD, ADHD
and ASD/ADHD overlap. Front. Neurosci. 2021;15:705890. DOI
10.3389/tnins.2021.705890.

Marshall J.J., Mason J.O. Mouse vs man: organoid models of brain de-
velopment & disease. Brain Res. 2019;1724:146427. DOI 10.1016/
j-brainres.2019.146427.

Morales M., Margolis E.B. Ventral tegmental area: cellular heteroge-
neity, connectivity and behaviour. Nat. Rev. Neurosci. 2017;18(2):
73-85. DOI 10.1038/nrn.2016.165.

Panksepp J.B., Lahvis G.P. Social reward among juvenile mice. Genes
Brain Behav. 2007;6(7):661-671. DOI 10.1111/.1601-183X.2006.
00295.x.

Paxinos G., Franklin K.B.J. The Mouse Brain in Stereotaxic Coordi-
nates. 2nd Edn. Academic Press, 2001.

Ranneva S.V., Maksimov V.F., Korostyshevskaja .M., Lipina T.V.
Lack of synaptic protein, calsyntenin-2, impairs morphology of
synaptic complexes in mice. Synapse. 2020;74(2):e22132. DOI
10.1002/syn.22132.

Ranneva S.V,, Pavlov K.S., Gromova A.V., Amstislavskaya T.G., Lipi-
na T.V. Features of emotional and social behavioral phenotypes of
calsyntenin2 knockout mice. Behav. Brain Res. 2017;332:343-354.
DOI 10.1016/j.bbr.2017.06.029.

Root D.H., Mejias-Aponte C.A., Zhang S., Wang H.L., Hoffman A.F.,
Lupica C.R., Morales M. Single rodent mesohabenular axons release
glutamate and GABA. Nat. Neurosci. 2014;17:1543-1551. DOI
10.1038/nn.3823.

Sanchez-Catalan M.J., Kaufling J., George F., Veinante P., Barrot M.
The antero-posterior heterogeneity of the ventral tegmental area.
Neuroscience. 2014;282:198-216. DOI 10.1016/j.neuroscience.
2014.09.025.

Saunders B.T., Richard J.M., Janak P.H. Contemporary approaches to
neural circuit manipulation and mapping: focus on reward and ad-
diction. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2015;370(1677):
20140210. DOT 10.1098/rstb.2014.0210.

Sawicka K., Hale C.R., Park C.Y., Fak J.J., Gresack J.E. FMRP has
a cell-type-specific role in CA1l pyramidal neurons to regulate
autism-related transcripts and circadian memory. eLife. 2019;8:
¢46919. DOI 10.7554/eLife.46919.

Sesack S.R., Grace A.A. Cortico-Basal Ganglia reward network: mi-
crocircuitry. Neuropsychopharmacology. 2010;35(1):27-47. DOI
10.1038/npp.2009.93.

FEHETUKA YXMBOTHbIX / ANIMAL GENETICS 183



I.N. Rozhkova, S.V. Okotrub, E.Yu. Brusentsev ...
T.V. Lipina, T.G. Amstislavskaya, S.Ya. Amstislavsky

Solie C., Girard B., Righetti B., Tapparel M., Bellone C. VTA dopa-
mine neuron activity encodes social interaction and promotes rein-
forcement learning through social prediction error. Nat. Neurosci.
2022;25:86-97. DOI 10.1038/s41593-021-00972-9.

Squillace M., Dodero L., Federici M., Migliarini S., Errico F., Napoli-
tano F., Krashia P., Di Maio A., Galbusera A., Bifone A., Scatto-
ni M.L., Pasqualetti M., Mercuri N.B., Usiello A., Gozzi A. Dys-
functional dopaminergic neurotransmission in asocial BTBR mice.
Transl. Psychiatry. 2014;4(8):e427. DOI 10.1038/tp.2014.69.

Supekar K., Kochalka J., Schaer M., Wakeman H., Qin S., Padmana-
bhan A., Menon V. Deficits in mesolimbic reward pathway under-
lie social interaction impairments in children with autism. Brain.
2018;141(9):2795-2805. DOI 10.1093/brain/awy191.

Tassan Mazzocco M., Guarnieri F.C., Monzani E., Benfenati F., Valtor-
ta F., Comai S. Dysfunction of the serotonergic system in the brain
of synapsin triple knockout mice is associated with behavioral ab-
normalities resembling synapsin-related human pathologies. Prog.

Social behavior and density of dopaminergic neurons
in the ventral tegmental area in Clsnt2-KO mice

Neuropsychopharmacol. Biol. Psychiatry. 2021;105:110135. DOL
10.1016/j.pnpbp.2020.110135.

Yang G., Shcheglovitov A. Probing disrupted neurodevelopment in
autism using human stem cell-derived neurons and organoids: an
outlook into future diagnostics and drug development. Dev. Dyn.
2020;249(1):6-33. DOI 10.1002/dvdy.100.

Zhang Q., Wu H., Zou M., Li L., Li Q., Sun C., Xia W., Cao Y., Wu L.
Folic acid improves abnormal behavior via mitigation of oxidative
stress, inflammation, and ferroptosis in the BTBR T+ tf/] mouse
model of autism. J. Nutr. Biochem. 2019;71:98-109. DOI 10.1016/
jjnutbio.2019.05.002.

Zhang S., Qi J., Li X., Wang H.L., Britt J.P., Hoffman A.F., Bonci A.,
Lupica C.R., Morales M. Dopaminergic and glutamatergic microdo-
mains in a subset of rodent mesoaccumbens axons. Nat. Neurosci.
2015;18(3):386-392. DOI 10.1038/nn.3945.

Zoghbi H.Y. Postnatal neurodevelopmental disorders: meeting at the
synapse? Science. 2003;302:826-830. DOI 10.1126/science.1089071.

Acknowledgements. The work was partially funded by the budget project No. FWNR-2022-0023 of the Institute of Cytology and Genetics SB RAS
(Novosibirsk, Russia) and the Russian Foundation for Basic Research (No. 20-015-00162). The studies were performed using the equipment of the Cen-
ter for Genetic Resources of Laboratory Animals of the Federal Research Center of the Institute of Cytology and Genetics of the Siberian Branch of the
Russian Academy of Sciences, supported by the Ministry of Science and Higher Education of the Russian Federation (Unique identifier of the project
RFMEFI62119X0023) and the Center for Microscopic Analysis of Biological Objects of the Siberian Branch of the Russian Academy of Sciences. The authors
are grateful to T.N. Igonina for helpful discussions on the results and for the assistance in preparing the text of the manuscript.

Conflict of interest. The authors declare no conflict of interest.

Received July 11, 2022. Revised October 21, 2022. Accepted October 21, 2022. Published online Desember 12, 2022.

184

BaBunosckuii XypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 2



