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Abstract. Autistic spectrum disorders (ASD) represent conditions starting in childhood, which are characterized by
difficulties with social interaction and communication, as well as non-typical and stereotyping models of behavior.
The mechanisms and the origin of these disorders are not yet understood and thus far there is a lack of prophylactic
measures for these disorders. The current study aims to estimate neuronal density in the prefrontal cortex and four
hippocampal subfields, i.e. CA1, CA2, CA3, and DG in Clstn2-KO mice as a genetic model of ASD. In addition, the level
of neurogenesis was measured in the DG area of the hippocampus. This mouse strain was obtained by a knockout
of the calsinthenin-2 gene (Clsnt2) in C57BL/6J mice; the latter (wild type) was used as controls. To estimate neuronal
density, serial sections were prepared on a cryotome for the above-mentioned brain structures with the subsequent
immunohistochemical labeling and confocal microscopy; the neuronal marker (anti-NeuN) was used as the primary
antibody. In addition, neurogenesis was estimated in the DG region of the hippocampus; for this purpose, a primary
antibody against doublecortin (anti-DCX) was used. In all cases Goat anti-rabbit IgG was used as the secondary anti-
body. The density of neurons in the CA1 region of the hippocampus was lower in Clstn2-KO mice of both sexes as
compared with controls. Moreover, in males of both strains, neuronal density in this region was lower as compared
to females. Besides, the differences between males and females were revealed in two other hippocampal regions.
In the CA2 region, a lower density of neurons was observed in males of both strains, and in the CA3 region, a lower
density of neurons was also observed in males as compared to females but only in C57BL/6J mice. No difference
between the studied groups was revealed in neurogenesis, nor was it in neuronal density in the prefrontal cortex or
DG hippocampal region. Our new findings indicate that calsyntenin-2 regulates neuronal hippocampal density in
subfield-specific manner, suggesting that the CA1 neuronal subpopulation may represent a cellular target for early-
life preventive therapy of ASD.
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AHHoTayuA. PacctpoiictBa aytuctmyeckoro cnektpa (PAC) — 3To rpynna COCTOAHUIA, BOSHMKAOLWMX B JETCKOM BO3-
pacTe, AnA KOTOPbIX XapaKTepPHbl TPYAHOCTM C COLMabHbIM B3aVIMOLENCTBUEM 1 OBLIEHMEM, @ TaKKe HETUMUYHbIE
MOZENN NOBEAEHNS 1 CKIIOHHOCTb K CTepeoTunu. MexaHr3Mbl BO3HUKHOBEHMWA 3TON rpyrmnbl PAacCTPONCTB [0 CUX
rop He BMOJIHE MOHATHbI, 11, CIeA0BaTENbHO, OTCYTCTBYIOT COOTBETCTBYIOLLME METOAbI NpodunakTuku. Lienbto nccne-
[0BaHUA Oblla OLEHKa MIIOTHOCT HENPOHOB B MeAMaNIbHON NpedpOHTaNbHON Kope 1 YeTbipex obnacTax rmnno-
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Neuronal density in the brain cortex
and hippocampus in Clsnt2-KO mouse strain

Kamna, a umeHHo CA1, CA2, CA3 un 3y6uaTori n3sunvHbl (DG) y mbiweii nuHnm Clstn2-KO, KoTopasi MOXET BbICTyNaTb B
KayecTBe reHeTnyeckon mogenu PAC. Kpome Toro, oxapaktepur3oBany ypoBeHb HellporeHesa B obnactu DG runno-
Kamna. [laHHaa NMHKA NoJslyyeHa NyTeM HoKayTa reHa KanbcuHTeHuHa-2 (Clstn2) Ha ocHoBe Mblweit nnHumn C57BL/6J;
nocnefHAsA Obina NCNosb3oBaHa B HACTOALLEM MCCNeA0BaHUN B KayecTBe KOHTponA. [1na onpeaeneHnsa nioTHOCTH
HeNPOHOB M3roTaB/MBaNu CepuiiHble Cpe3bl COOTBETCTBYIOLLMX 061acTell MO3ra Ha KPMOTOME C MOC/eAy WM M-
MYHOTMCTOXUMMYECKMM OKpallMBaHWeM 1 KOHPOKaNbHOM MUKPOCKOMMUEN, ANA Yero MCNosib30Baan HelpoHasb-
HbIn Mapkep (anti-NeuN) B KauecTBe nNepBUYHOrO aHTMTeNa. Hapagy ¢ 3Tum B obnact DG runnokamna oueHuBa-
NN HelporeHes, ANA Yero NPOBOAWIN MMMYHOTMCTOXMMMYECKOE OKpaluvBaHWe C MPUMEHEHMEM aHTUTeNa NpoTuBs
nabnkopTnHa (anti-DCX). B o6oux cnyyasax B KauectBe BTOPUYHOrO aHTUTeNa 6bin Goat anti-rabbit IgG. MnoTHocTb
HelpoHoB B 06nacTy runnokamna CAT 6bi1a CHUXKEHA KaK y caMUoB, Tak 1 camok Mbiwweln Clstn2-KO no cpaBHeHuio
C KOHTPOJIEM; Y CaMLIOB 06eUX JIMHUIA MNOTHOCTb HENPOHOB ObiNla HUXeE B 3TOW 06N1ACTV MO CPABHEHNIO C CAMKaMU.
Momunmo 3Toro, 6biM 06HAPYXKEeHbI Pa3nnuMa Mexay camuamn 1 camkamuy B ABYX ApYrux obnactax runmnokamna:
B o6nactu CA2 - y mbiluen o6enx ncciefoBaHHbIX NMHWIA, a B obnact CA3 nuwwb y mbiwein C57BL/6J nnoTHOCTb Helt-
POHOB 6biNla MeHbLLE y CaMLIOB MO CPaBHEHMIO C CamKamul. Paznuunii Mexxay nccnefoBaHHbIMU rpymnnamu B ypoBHe
HelporeHesa, a Tak»Ke B MJIOTHOCTY HENPOHOB B NpedpoHTanbHol Kope 1 obnact DG runnokamna He o6HapyXeHo.
MonyueHHble pe3ynbTaTbl MOKa3bIBAlOT, YTO HOKAYT Mo reHy Clstn2 NpuUBOAUT K N36UPATENbHOMY CHVXXEHWIO MIIOT-
HOCTU HelipoHoB B o6nactn CAT rrnmnokamma, Yto MoXKeT NPefCcTaBAaTb COO0N KNEeTOUHYI0 MULIEHb A PaHHEN
npodunakTnky 1 Bo3MoxkHo Tepanuu PAC.

KnioueBble C10Ba: MbILWW; KaNbCUHTEHWH-2; MO3T; MAIOTHOCTb HEMPOHOB; NpeppPOHTaNbHaA Kopa; rMnmnoKamm; pac-

CTpOVICTBa AYTUCTUYECKOro CneKkTpa.

Introduction

Diagnosis and prevention of autism spectrum disorders (ASD)
at an early age is very important and requires identification of a
specific molecular cellular target. Despite some progress in this
area, for example, the discovery of the Fragile X, SHANK3,
CASPR?2 genes as risk factors for ASD, the mechanisms of this
group of disorders are still not fully understood and, therefore,
there are no appropriate methods of their prevention. The
main reason for this is that both genetic and environmental
factors are involved in the pathogenesis of autism, includ-
ing, for example, epigenetic modifications of the genome,
chromosome remodeling, oxidative stress, and many others
(Waye, Cheng, 2017).

The hippocampal regions (CAl, CA2, CA3 and dentate
gyrus — DG) are involved in memory-related processes: CA1 is
important for working memory (Newmark et al., 2013), while
CA3, CA4 and DG are in the circuit of declarative memory
(Coras et al., 2014), and CA?2 is associated with episodic
(Navratilova, Battaglia, 2015) and social (Hitti, Siegelbaum,
2014) memory.

Structural abnormalities of the hippocampus have been
reported for many complex psychiatric disorders, including
vascular dementia (Kim et al., 2015), Alzheimer’s disease
(Thomson et al., 2004), and ASD (Bauman, Kemper, 2005;
Varghese et al., 2017). There are indications that people with
ASD also have alterations in the prefrontal cortex, in particu-
lar, some neurons in this brain area are changed (Courchesne
etal., 2011; Varghese et al., 2017). It has also been discussed
that people with ASD demonstrate impaired neurogenesis
(Gilbert, Man, 2017).

Several studies in ASD patients identified mutations in
genes encoding synaptic proteins, including those involved
in the regulation of cell adhesion (Bakkaloglu et al., 2008;
Morrow et al., 2008; Bourgeron, 2015). Calcintenins (Clstns)
are transmembrane synaptic proteins that belong to the super-
family of cadherin cell adhesion molecules. There are three
types of Clstns (Clstn-1, -2 and -3) which are expressed post-
synaptically (Hintsch et al., 2002) and contribute differently to

the balanced activity of excitatory and inhibitory neurons; an
imbalance in these processes is characteristic of some patients
with ASD (Yip et al., 2009).

The absence of Clstn2 specifically reduces the density of
inhibitory parvalbumin interneurons in some brain areas,
which is manifested as insufficient inhibitory, but not excita-
tory, synaptic transmission in the pyramidal neurons of the
hippocampal CA1 region (Lipina et al., 2016). In addition,
a change in synapse architectonics was found in Clstn2-KO
mice in the medial prefrontal cortex and hippocampus
(Ranneva et al., 2020). Moreover, calsintenin-2 knockout
(Clstn2-KO) mice demonstrate signs characteristic for ASD,
such as hyperactivity, stereotypy, insufficient spatial learning
and memory, altered social behavior with impaired ultrasonic
vocalization (Lipina et al., 2016; Ranneva et al., 2017; Kle-
nova et al., 2021).

The density of neurons in the prefrontal cortex and hip-
pocampus, as well as the level of neurogenesis in the brain,
have not yet been studied on such a genetic model of ASD as
Clstn2-KO mice. Thus, the aim of this study was to characte-
rize neuronal density in the medial prefrontal cortex, as well
as in CA1, CA2, CA3, and DG regions of the hippocampus;
and to evaluate the level of neurogenesis in Clstn2-KO mice.

Materials and methods

Experimental animals. The study used 12 homozygous
males and 14 females of the Clstn2-KO mouse strain knockout
for the Clstn2 gene, as well as 15 males and 15 females of
C57BL/6J mice (control) at the age of three months. Animals
were kept in 36 X25x 14 cm (length x width x height) cages
with wood bedding. Males and females were kept individually
in a conventional vivarium of the Scientific Research Insti-
tute of Neurosciences and Medicine (Novosibirsk, Russia),
at 20-22 °C, 12 dark: 12 light cycle, with free access to dry
granulated chew (“Chara”, Assortiment-Agro, Russia) and
purified water. All studies were performed in accordance with
the European Convention for the Protection of Vertebrate Ani-
mals Used for Experimental and Other Scientific Purposes.
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Intracardiac perfusion. At the age of three months, the
animals were perfused with phosphate buffered saline (PBS)
and 10 % paraformaldehyde solution; thereafter, the brain
was removed and fixed in phosphate buffer containing 30 %
sucrose and 5 % formalin at +4 °C. Subsequently, the brain was
immersed in Tissue-Tek O.C.T. compound (Sakura Finetek,
USA), frozen and stored at —70 °C.

Brain sectioning. Cryosections were made for the fol-
lowing areas of the brain: 1) medial prefrontal cortex (MPC)
at a distance of 2.46-2.22 mm from the bregma; 2) hippo-
campus (regions CA1l, CA2, CA3 and DQG) at a distance of
—1.46...—1.82 mm from the bregma. Sections of 10 um thick
were done on an HM550 OP cryotome (Thermo Fisher Scien-
tific, USA) at —25 °C and placed on Superfrost Plus, Menzel-
Glaser glass slides (Thermo Fisher Scientific).

Immunohistochemical (IHC) staining. The slices was
stained according to kit manufacturer’s protocols with minor
modifications. Brain sections were dehydrated before staining,
followed by 5 min of rehydration in PBS. Then, after rehydra-
tion in 10 mM citrate buffer (pH = 9) at 95 °C in a TW-2.02
water bath (Elmi, Latvia), heat-induced epitope unmasking
was performed. The sections were removed from the buffer
and cooled to room temperature. Then, the samples were
washed three times in PBS-Tween buffer: PBS with the addi-
tion of 0.1 % Tween-20 P9416-100ML (Merck, Germany).
Protein Block ab64226 (Abcam, UK) was added to each sec-
tion for 5 min as recommended by the manufacturer; excess
liquid was removed.

After the procedures of washing and incubating with the
Protein Block, the primary antibody was added to the slices
and left overnight at +4 °C in a humid dark chamber. The
antibody concentrations used were 1:750 and 1:750 for anti-
NeuN ab177487 (Abcam) and anti-DCX ab18723 (Abcam),
respectively. Then the sections were washed with PBS-Tween
buffer, excess liquid was removed, thereafter, 50 uL of secon-
dary antibody Goat anti-rabbit IgG H&L AF488 ab150077
(Abcam) at a concentration of 1:600 was added to the slices
and left in a humid dark chamber for two hours at +4 °C.
Then the samples were washed with PBS-Tween buffer,
excess liquid was removed, and the samples were placed in
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ProLong, Glass AntifadeMountant, Thermo P36982 (Thermo
Fisher Scientific).

Neuron density analysis. Using a confocal laser scanning
microscope LSM 780 (Carl Zeiss, Germany), EC Plan-Neo-
fluar 20x/0.50 (Carl Zeiss), digital photographs were obtained,
which were used to evaluate the density of neurons labeled
with antibodies (https://ckp.icgen.ru/ckpmabo). The number
of labeled neurons was counted using ImageJ. The number of
antibody-labeled neurons was counted in at least three sections
per animal, then the average per these sections was counted
and the average volume density (mm?) was calculated.

Statistical analysis. The analysis of the obtained results
was carried out using the software Statistica v. 10.0 (StatSoft,
Inc., USA). All the data were tested for normality using the
Shapiro—Wilk W-test. Data are presented as mean = standard
error of the mean (M+SEM) and analyzed by two-way ana-
lysis of variance (ANOVA) followed by Fisher’s multiple
comparison. Differences at p < 0.05 were considered as sta-
tistically significant.

Results
Data on the density of neurons in the prefrontal cortex and
hippocampus (CA1, CA2, CA3 and DG areas) are presented
in the Table. A statistically significant effect on the density of
neurons in the CA1 region of the hippocampus was found for
the “sex” factor (F, 35 =29.53, p <0.001) and the “group” fac-
tor (F, ,5=16.68, p’< 0.001), while there were no interactions
of these factors (F 135 < 1). Post-hoc comparison confirmed
that both male (p <’0.001) and female (p < 0.05) Clstn2-KO
mice have fewer pyramidal neurons in the CA1 region of the
hippocampus compared to control C57BL/6J (Fig. 1). More-
over, there were sex differences demonstrated: females of both
strains had more pyramidal neurons (p < 0.001) in the CAl
region of the hippocampus compared to males (see Fig. 1).
The influence of the “sex” factor on the density of neurons in
the CA2 region of the hippocampus was found (F, 5, =12.03,
p <0.05). At the same time, the influence of the “group” fac-
tor (F, ;; < 1) and the interaction of these factors (F, 5, < 1)
were not found for the density of neurons in the CA2 fegion.
Post-hoc comparison showed that females of both strains had

Neuronal density in hippocampus and prefrontal cortex; neurogenesis in dentate gyrus of the hippocampus

Brain area Males Females
C57 BL/6J .................................. C| SthKO ................................. C5 7BL/6J .................................. C| Stn 2Ko ...............................
(N*/mm3 £+ SEM)*103 (n) (N*/mm3 £ SEM)*103 (n) (N*/mm3 £ SEM)*103 (n) (N*/mm3 £ SEM)*103 (n)
PFC150841309(5)154231521(4) .........................................................................................................................
H,ppocampuscm109541,393(5) ......................... 8594i484(5)*** ...................................................................................................................
CA210289J_,1722(5)11168i968(4) .................................
CA3138Hi2067(5)19265i2839(4) ......................................................................................................................
DG ............ 40072i12108(5) .................. 38332i8766(4) ......................................................................................................................

Note. N* — number of neurons in the region of interest; SEM - standard error of the mean; n - number of animals; ** p < 0.05 as compared with C57BL/6J of the
same sex; ***p < 0.001 as compared with C57BL/6J of the same sex; *p < 0.05 as compared with males of the same strain; *+*p < 0.001 as compared with males

of the same strain.
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Fig. 1. Micrographs of hippocampal CA1 region, neurons labeled with
antibodies against the NeuN.

a, b - females; ¢, d - males of the C57BL/6J (a, ¢) and Clstn2-KO (b, d) strains.

Fig. 2. Micrographs of the hippocampal CA2 region.

Neurons labeled with antibodies against NeuN in females (a) and males (b)
of the Clstn2-KO strain.

more pyramidal neurons (p < 0.05) in the CA2 region of the
hippocampus compared to males (Fig. 2). However, there
were no interstrain differences in the density of neurons in
this region.

No influence of the factors “sex” (F, ;5 = 1.66, p > 0.05)
and “group” (F, ;5 < 1) on the density of neurons in the CA3
region of the hippocampus was found, but the interaction of
these factors was revealed (F, ;5= 4.36, p < 0.05). Post-hoc
comparison confirmed that C57BL/6J females had more py-
ramidal neurons than males of this strain (p < 0.05).

To test the possibility that one of the reasons for the decrease
in the density of neurons in the CA1 region in Clstn2-KO mice
may be caused by the altered level of neurogenesis, its eva-
luation was carried out in the DG region of the hippocampus.
Hippocampal neurogenesis was not influenced by the factors
“sex” (Fy35= 127, p > 0.05), and “group” (F, 35< 1), and
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there was no interaction of these factors (F, ;5 < 1). Post-hoc
comparison confirmed that there are no interstrain and sex
differences in the level of neurogenesis in the DG region (see
the Table).

Discussion

In this study, no changes in the density of neurons in the pre-
frontal cortex were found in both male and female Clstn2-KO
mice, although there is an alteration in neuronal density in this
area of the brain in people with ASD (Courchesne et al., 2011).
It should be noted, however, that human data are obtained
by post mortem brain biopsy and should be discussed with
caution, since only a few brain samples have been studied.
In BTBR mouse strain, a model of idiopathic autism, no
changes were found in the number of neurons in the prefrontal
cortex (Stephenson et al., 2011), which is consistent with the
results of our study in Clstn2-KO mice. However, other stu-
dies in BTBR mice have shown lower levels of extracellular
acetylcholine and more kynurenic acid, but not serotonin, in
this area of the brain (McTighe et al., 2013; Guo, Commons,
2017). It can be assumed that the development of ASD is as-
sociated with an imbalance of neurotransmitter systems in the
prefrontal cortex, and the density of neurons in this structure
is not a universal marker of these disorders.

In our current study, both male and female Clstn2-KO mice
were found to have a reduced neuronal density in the CAl
region of the hippocampus. An earlier study had demonstrated
a deficiency of inhibitory GABAergic neurons in the CA1 and
CA3 regions of the hippocampus in mice of this strain (Lipina
et al., 2016). We suppose that the decrease in the density of
neurons in the CA1 region of the hippocampus revealed in
Clstn2-KO mice in the current study is associated, among
other things, with the detected decrease in GABAergic neurons
mentioned above.

Structural studies using MRI have revealed a decrease in the
relative volume of the hippocampus in patients with ASD aged
4 to 18 years (Sussman et al., 2015). Moreover, a change in the
size of the hippocampus has also been found in adult patients
with ASD (Braden et al., 2017). According to the results of
the brain post mortem biopsy of people that suffered from
ASD symptoms, changes in the neuronal density in certain
areas of the hippocampus were found, the most pronounced
changes were observed in the CA1 region (Lawrence et al.,
2010; Greco et al., 2011).

Studies on various laboratory models also indicate the
abnormalities in the CA1 region of the hippocampus are
associated with the development of ASD. In particular,
heterozygous mice deficient in the Tcf4 transcription factor,
which demonstrate features of autism, showed an increased
synaptic transmission in the CA1 region of the hippocampus
(Kennedy et al., 2016). BTBR T+tf/] mice exhibit behavior
characteristic for ASD, accompanied by loss of neurons in the
CA1 region of the hippocampus (Zhang et al., 2019). Hetero-
zygous SHANK-3 mice, which are a well-known model of
ASD, exhibited perforated synapses in the radial layer of the
CA1 region of the hippocampus (Uppal et al., 2015), which
confirms impaired synaptic plasticity in this region of the brain
(Moessner et al., 2007). Fragile X chromosome syndrome,
one of the forms of ASD associated with a disruption of the
Fmrl gene, also possessed specific changes in the pyramidal
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neurons of the CA1 region of the hippocampus (Sawicka et
al., 2019). Thus, both the results of the current study and the
results of the above mentioned studies in other mouse strains
indicate that disorders in the CA1 region of the hippocampus
can be considered as a specific marker of ASD.

In our study, the density of neurons in Clstn2-KO females
in the CA1 and CA2 regions of the hippocampus was higher
than in males. Moreover, in our work, in female mice of the
control strain C57BL/6J, the number of neurons in these areas,
as well as in the CA3 region of the hippocampus, was also
higher than in males, which may be a physiological feature
non-related to ASD, despite the fact that, in humans, ASD is
more common in boys than in girls in a ratio of 4.3:1 (Fom-
bonne, 2003).

Disruption of the formation of new neurons in adulthood
plays a significant role in the development of mental disorders
(Schoenfeld, Cameron, 2015). Moreover, BTBR mice have
been shown to have a significant impairment in adult neuro-
genesis (Stephenson et al., 2011). However, according to our
data, neurogenesis in adult Clstn2-KO mice is not impaired.
It is possible that the decrease in the density of neurons in the
CA1 region found in Clstn2-KO mice is due to an increase in
neurodegenerative processes, which, in particular, can lead to
an imbalance in inhibitory and excitatory neurons.

Conclusion

A decrease in the density of neurons in the CA1 region of the
hippocampus was found in both male and female Clstn2-KO
mice compared to control C57BL/6J mice. Meanwhile, in
Clstn2-KO mice, no changes in neuronal density were found
in other areas of the hippocampus, and in the prefrontal cortex,
the level of hippocampal neurogenesis was unaltered as well.
The decrease in the density of neurons in the CA1 region of
the hippocampus in Clstn2-KO mice can be considered as
a specific characteristic for this model of autism spectrum
disorders.
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