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Abstract. Analysis of the mechanisms underlying autism spectrum disorder (ASD) is an urgent task due to the ever-
increasing prevalence of this condition. The study of critical periods of neuroontogenesis is of interest, since the
manifestation of ASD is often associated with prenatal disorders of the brain development. One of the currently
promising hypotheses postulates a connection between the pathogenesis of ASD and the dysfunction of neu-
rotransmitters and neurotrophins. In this study, we investigated the expression of key dopamine receptors (Drd1,
Drd?2), brain-derived neurotrophic factor (Bdnf), its receptors (Ntrkb2, Ngfr) and the transcription factor Creb1 that
mediates BDNF action, as well as cerebral dopamine neurotrophic factor (Cdnf) during the critical periods of embryo-
genesis (e14 and e18) and postnatal development (p14, p28, p60) in the hippocampus and frontal cortex of BTBR
mice with autism-like behavior compared to the neurotypical C57BL/6J strain. In BTBR embryos, on the 14th day of
prenatal development, an increase in the expression of the Ngfr gene encoding the p75NTR receptor, which may lead
to the activation of apoptosis, was found in the hippocampus and frontal cortex. A decrease in the expression of Cdnf,
Bdnf and its receptor Ntrkb2, as well as dopamine receptors (Drd1, Drd2) was detected in BTBR mice in the postnatal
period of ontogenesis mainly in the frontal cortex, while in the hippocampus of mature mice (p60), only a decrease
in the Drd2 mRNA level was revealed. The obtained results suggest that the decrease in the expression levels of CDNF,
BDNF-TrkB and dopamine receptors in the frontal cortex in the postnatal period can lead to significant changes in
both the morphology of neurons and dopamine neurotransmission in cortical brain structures. At the same time, the
increase in p75NTR receptor gene expression observed on the 14th day of embryogenesis, crucial for hippocampus
and frontal cortex development, may have direct relevance to the manifestation of early autism.
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AHHOTaLMA. AHanN3 MEXaHU3MOB PaCcCTPONCTBA ayTucTnyeckoro cnektpa (PAC) ABnAeTcA akTyanbHOW 3afavyen B
CBA3M C LUIMPOKOW N NOCTOAHHO pacTyLiell pacnpoCTPaHEHHOCTbIO 3TOFO COCTOAHUA. MiccneaoBaHne KpUTUYECKNX
nepropaoB HePOOHTOreHe3a NpeAcTaBNAET MHTEPEC, MOCKONbKY MaHndecTauuio PAC HepeaKo CBA3bIBAIOT C BHYT-
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during critical periods of ontogenesis in the brain of BTBR mice

PUYTPOOHBIMM HapyLIEHUAMU Pa3BUTUA TONOBHOIo Mo3ra. OfHa 13 NepcnekTVBHbIX Ha CErOAHALIHNIA AeHb rMmno-
Te3 nocTynupyeT ceasb natoreHesa PAC ¢ guchyHKLUMen HEMPOTPaHCMUTTEPHbBIX U HEMPOTPOPUUECKNX CUCTEM.
B HacToswel paboTe nccnegoBaHa 3KCNPECCUs reHoB KitoueBbix peuentopoB godpamuiHa (Drd1, Drd2), HelipoTpo-
duueckoro daktopa mosra (Bdnf), ero peuentopos (Ntrkb2, Ngfr) n onocpegytowero feictsme BDNF TpaHcKpun-
unoHHoro ¢aktopa Crebl, a Takxke godpamrnHOBOro HelpoTpodpuueckoro daktopa (Cdnf) B nepuogbl ambpuore-
He3a (e14 1 e18) 1 nocTHaTanbHoro passutua (p14, p28, p60) B rmnnokammne n GppoHTaNbHON Kope Mbiwern BTBR
C ayTUCTN3M-NOAO0OHBIM MOBeAeHVEM MO CPAaBHEHWUIO C HenmpoTunuyHon nuHuen C57BL/6J. Y ambproHos BTBR
Ha 14-1 feHb NpeHaTaNbHOro PasBUTUA B rMNMNokammne n BO GPOHTaNbHONM KOpe YCTaHOBJIEHO YBENNYEHNE SKC-
npeccun reHa Ngfr, koaupytoulero peuentop p75NTR, TpaHcayKUMa curHana KOToporo B aM6puoreHese NpYBOANT
K aKTMBauwmu anonTo3a. CHuxeHue skcnpeccun reHos Cdnf, Bdnf n ero peuentopa Ntrkb2, a Takxxe fopamnHOBbIX
peuentopos (Drd1, Drd2) y mbiweii BTBR 06Hapy»*eHO B MOCTHaTasIbHbI NepUog NpenMyLLecTBEHHO BO GpOHTasb-
HOW Kope, Npu 3TOM B rnmnoKamre y nosioBo3penbix ocobeit (p60) 3apmKkcrpoBaHo nageHune yposHa nuwb MPHK
Drd2. TlonyyeHHble pe3ynbTaTbl MO3BONAIT NPEANONOKMNTb, UTO CH/XKEHME B MOCTHaTaSIbHOM MepUoe SKCnpeccum
reHoB Cdnf, Bdnf n Ntrkb2, a Takxe [OpaMUHOBBIX PELLENTOPOB BO GDPOHTANIbHON KOPE MOXKET NPUBOAUTD K CyLLe-
CTBEHHbIM 13MeHEeHMAM, XxapakTepHbiM ans PAC, kKak Mopdonornm HeMpoHoB, Tak 1 JOPpaMUHOBOIN HeNpOTpaHC-
MUCCUI B KOPKOBBIX CTPYKTypax Mo3ra. Bmecte ¢ Tem ycTaHoBeHHbIN pocT skcnpeccun p75N™R B Kputnueckmin
LNA Pa3BUTUA rMNNoKammna 1 GPoHTanbHOM Kopbl 14-1 AeHb SMOpUOreHesa, BO3MOXHO, ABNAETCA K/IOUYEBbIM ANA
$opmMMpoBaHMA paHHero ayTunsma.

Kniouesbie cnosa: aytnsm; mbiwm BTBR 1 C57BL/6 J; BDNF; CDNF; peuentopbl fopaMunHa; OHTOreHes; runnokamr;

Expression of dopamine receptors and elements of BDNF and CDNF

dpoHTanbHas Kopa.

Introduction

First described back in 1943 (Kanner, 1943), autism (now
autism spectrum disorder, ASD) is defined as a group of
conditions caused by disorders in prenatal and early postna-
tal neuroontogenesis that persist throughout a person’s life.
ASD is characterized by a decline in the ability to initiate and
maintain social interactions and communication, as well as a
series of restricted and repetitive inflexible behavior patterns.
Data from the Centers for Disease Control and Prevention
show a steady increase in the number of children diagnosed
with ASD: in 2023, 1 in 36 children was diagnosed, while
in 2010, the prevalence of ASD was 1 %. However, accord-
ing to data from both the WHO and the Ministry of Health
of the Russian Federation (Letter of the Ministry of Health
No. 15-3/10/1-2140 dated 05/08/2013), the prevalence of
ASD was about 1 % of the child population.

Currently, there is no unified concept of the pathogenesis
of ASD, however, most hypotheses associate the development
of this condition with early neurodevelopmental disorders
leading to disturbances in mental functions (Hashem et al.,
2020). In this regard, special attention when studying the
ASD mechanisms is paid to early prenatal brain development
(Courchesne et al., 2020). Investigations of induced stem cells
obtained from people with ASD have supported the prenatal
origin of this disorder (Adhya et al., 2021). A high rate of cell
proliferation and a decrease in the degree of differentiation and
maturation of GABAergic interneurons have been described
(Mariani et al., 2015). Abnormal proliferation and excess pre-
natal neurogenesis in individuals with ASD appear to explain
increases in both cortical neuron numbers (Courchesne et al.,
2011) and overall brain mass (Sacco et al., 2015). In addition,
the peak expression of most putative risk genes for ASD oc-
curs during the prenatal period (Satterstrom et al., 2020) and
is found in a number of brain regions, including cortical areas
and the hippocampus (Krishnan et al., 2016; Courchesne et
al., 2019). One of the morphological features of ASD is a
decrease in volume and sometimes complete agenesis of the
corpus callosum (Frazier, Hardan, 2009). At the same time,

changes in the volume of the corpus callosum are obviously
a consequence of prenatal developmental disorders, since
in mammals its formation is completed at the last stage of
embryogenesis (Richards et al., 2004).

The neurotransmitter dopamine (DA) is involved in the
modulation of learning, reward, and emotional control, which
are known to be impaired in autism (Hashem et al., 2020). In
people with ASD, a number of polymorphisms are observed
in the genes encoding the DA-transporter (DAT) (Dicarlo et
al.,2019), DA-metabolic enzymes (Yoo et al., 2013) and DA-
receptors (Hettinger et al., 2008; Staal et al., 2015). Moreover,
DA neurons derived from pluripotent stem cells from patients
with autism are characterized by morphological changes and
abnormalities in Ca**-signal transduction (Nguyen et al.,
2018). Based on these data, a connection between the patho-
genesis of ASD and dysfunction of the brain DA system has
been suggested (Paval, 2017).

Neurotrophic factors attract special attention because they
play a key role in the regulation of neuronal growth and deve-
lopment, as well as in the control of neuroplasticity (Popova,
Naumenko, 2019). Brain-derived neurotrophic factor (BDNF)
is one of the most studied neurotrophins that controls synap-
togenesis, triggers long-term potentiation, and is involved in
memory formation (Castrén, Antila, 2017). An association
has been shown between a decreased BDNF blood level in
newborns and an increased risk of ASD development (Liu
et al., 2021). At the same time, post-mortem studies of the
brain of children with ASD have established an increase in the
number of prefrontal neurons, which may be a consequence
of impaired activity of the BDNF-signal transduction and lead
to an excess of axonal connections (Anghelescu, Dettling,
2012). Cerebral dopamine neurotrophic factor (CDNF), first
described in 2007, is a non-conventional growth factor and
is predominantly localized in the striatum, substantia nigra,
hippocampus, cortex and cerebellum (Lindholm et al., 2007,
2008). CDNF is currently being tested in clinical trials as a
treatment for Parkinson’s disease (PD) (Lindholm, Saarma,
2022), as it is able to slow down the degeneration of DA
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neurons (Voutilainen et al., 2011). However, the relationship
between neurotrophins and the DA system at different stages
of ontogenesis in the context of the development of autism
has not been investigated yet.

Based on the stated above, the aim of the current study was
to identify the role of the DA system and neurotrophic factors
in the development of autism by analyzing the expression
patterns of dopamine receptors (Drdl, Drd2) and Cdnf, as
well as Bdnf, its receptors (Ntrkb2, Ngfr), and transcription
factor Crebl mediating BDNF effects in the brain structures
of BTBR mice, which are known to be a model of autism,
in comparison with neurotypical C57B1/6J mice at different
periods of ontogenesis.

Materials and methods
Experimental animals. The BTBR inbred strain is a widely
accepted idiopathic model of autism (Crawley, 2023) as it is
characterized by social deficits as well as repetitive behavior
(Bolivar et al., 2007; McFarlane et al., 2008). Experiments
were conducted on male mice of pathogen-free (SPF) inbred
strains BTBR T+tf/J (BTBR) and C57Bl1/6J at the Center for
Genetic Resources of Laboratory Animals; Institute of Cytol-
ogy and Genetics, supported by the Ministry of Science and
Higher Education of the Russian Federation (unique identifica-
tion number: RFMEFI162119X0023). The mice were housed
under standard laboratory conditions with a 14-h light cycle,
constant humidity (60 %), temperature (23 °C) and with ac-
cess to balanced food and water ad libitum. All procedures
performed with the involvement of laboratory animals were
approved by the ethical standards of the Committee on Bio-
logical Ethics at the Institute of Cytology and Genetics SB
RAS and complied with the ethical standards approved by the
legal acts of the Russian Federation (Order of the Ministry of
Health of the Russian Federation No. 267 of June 19, 2003),
as well as protocols on the treatment of laboratory animals.
Experimental design. In autism, the memory consolida-
tion regulated by the hippocampus is impaired, as well as
the disturbances observed in executive function and social
behavior, for the implementation of which the frontal cortex
is mainly responsible. In addition, post-mortem studies of
people with ASD revealed a reduced cell size and increased
cell density in both the hippocampus and the frontal cortex
(Kemper, Bauman, 1998; Courchesne et al., 2011). Based on
this, the study of these brain structures in the context of the
mechanisms of ASD development was of particular interest.
One of the most variable structures in ASD pathogenesis is
the hippocampus, the formation of which begins on the 14th
day of embryogenesis (Mangale et al., 2008), while on the 18th
day of prenatal development it is already formed (Loones et
al., 2000). In addition, on the 17th day of embryogenesis, the
corpus callosum is completely formed (Richards et al., 2004);
however, the agenesis of the corpus callosum is demonstrated
both in BTBR mice (Bohlen et al., 2012) and, often, in people
with ASD (Frazier, Hardan, 2009). One of the ASD criteria
is hyper- or hyporeactivity to sensory input due to increased
or decreased sensitivity to stimuli (DSM-5, ICD-11). Since
rodents’ eyes open at 12—13 days and their sensory perception
becomes full (Rochefort et al., 2009), it was interesting to
study a group of mice at 14 days of age. The juvenile period
is an important postnatal stage of development in the study
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of autism-like behavior, as BTBR mice exhibit low levels of
social interaction as early as 28 days after birth (McFarlane et
al., 2008). Thus, the following periods of ontogenesis were se-
lected: 14th or 18th day of embryogenesis, as well as 14th, 28th
and 60th (reaching maturity) day of postnatal development.

Male mice (p14, p28, p60), as well as embryos of the BTBR
and C57Bl/6 J strains on the 14th or 18th day of prenatal devel-
opment, were removed from the experiment by decapitation,
and their hippocampi and prefrontal cortices were removed
on ice, frozen in liquid nitrogen and stored at —80 °C. For
groups e14 and el8, a partial tail biopsy was also performed
for subsequent genotyping of the Y chromosome (Sry). The
sex of the p14 mice and older was determined by primary
sexual characteristics at autopsy. The number of individuals
in the experimental group of a certain ontogenetic day (el14,
el8, pl4, p28, p60) was 10 for each strain.

Obtaining embryos and determining their sex. To obtain
embryos in vivo, sexually mature female mice of the BTBR
and C57Bl/6 J strains, in a state of estrus, which was deter-
mined by analyzing vaginal smears, were mated overnight
with males of the corresponding strains. The day of detection
of sperm in the vaginal smear was considered the first day of
pregnancy. For genotyping of the Y chromosome (Sry), ge-
nomic DNA was isolated from embryonic tail tissue by placing
it in a lysis solution containing protease K for two hours at
50 °C, followed by extraction in saturated saline according to
a previously described protocol (Aljanabi, Martinez, 1997).
DNA samples were amplified with primers (see the Table)
(Wambach et al., 2014), and PCR products were separated
by electrophoresis on a 2 % agarose gel and visualized by
ethidium bromide staining. Embryos with the presence of the
Y chromosome were used in this work.

RT-qPCR. Total RNA isolation. Total RNA was isolated
with TRIzol Reagent (Life Technologies, USA) as recom-
mended by the manufacturer. Isolated RNA was diluted with
water to the concentration of 0.125 pg/pl and stored at—70 °C.
The presence of genomic DNA in the RNA preparations was
determined as described in (Kulikov et al., 2005; Naumenko,
Kulikov, 2006; Naumenko et al., 2008).

Reverse transcription and gPCR. Reverse transcription and
real-time PCR were carried out according to the protocol pre-
viously described in detail (Kulikov et al., 2005; Naumenko,
Kulikov, 2006; Naumenko et al., 2008). Two types of standards
were used: external and internal. An internal standard (Polr2a
mRNA) was used to monitor reverse transcription and as a
basis for calculating the mRNA levels of the studied genes.
Mouse DNA with a known concentration (external standard)
was used as a PCR control and to determine the copy number
of the assayed genes and Polr2a in the samples. Primers used
for PCR amplification (see the Table) were developed based
on the gene sequences deposited in the Ensembl database and
were synthesized by BIOSSET (Russia).

Statistical analysis. The obtained results are presented
as mean=standard error of mean (m+SEM). For pairwise
comparison of means between mouse strains at a certain
developmental day, Student’s #-test for independent samples
was used. The differences were considered significant at
p <0.05. Normal distribution of the data was verified by the
Kolmogorov—Smirnov and Shapiro—Wilk tests. The outliers
were identified and excluded by Dixon’s Q test.
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Sequences of the gene-specific oligonucleotide primers and their characteristics

Gene Primer sequence
rPol2 F 5'-tgtgacaactccatacaatgc-3’
R 5’-ctctcttagtgaatttgcgtact-3’
Cdnf F 5'- cggtggacctgtggaagatg-3’
R 5'- acatatttgggggccagctc-3’
Bdnf F 5'-tagcaaaaagagaattggctg-3’
R 5'-tttcaggtcatggatatgtcc-3’
Ntrk2 F 5'-cattcactgtgagaggcaacc-3’
R 5’-atcagggtgtagtctccgttatt-3’
Ngfr F 5'-acaacacccagcacccagga-3’
R 5’-cacaaccacagcagccaaga-3’
Creb1 F 5’-gctggctaacaatggtacggat-3’
R 5’-tggttgctgggcactagaat-3’
Drd1 F 5’-ggaaaccctgtcgaatgctctc-3’
R 5’-ccagccaaaccacacaaatacatcg-3’
Drd2 F 5'-tccgccacttcttgacatacattg-3’
R 5’-cccatccacagcectcctctaag-3’
Sry F 5'-ttgtctagagagcatggagggccatgtcaa -3’
R 5’-ccactcctctgtgacactttagccctccga-3’
Results

In BTBR mice, a significant increase in the Drdl mRNA
level was revealed in the hippocampus only on the 14th day
of postnatal development compared to the C57Bl/6 J strain.
A decrease in the expression of this gene was detected in the
frontal cortex of BTBR mice on the 28th day of the postnatal
period (Fig. 1a). For sexually mature individuals (p60), no
interstrain differences in the level of Drdl expression were
observed either in the hippocampus or in the frontal cortex. At
the same time, Drd [ gene expression in p60 in the hippocam-
pus of both mouse strains decreased to embryonic values (e18)
compared to other stages of postnatal development (p14, p28).

An increase in the Drd2 mRNA level revealed in the frontal
cortex of BTBR embryos on the 14th day of prenatal deve-
lopment was leveled out on the 18th day of embryogenesis

Tannealing' °C PCR product length, bp

60 194
60 130
59 255
63 175
62 171
64 140
59 222
64 203
64 268

(Fig. 1b). At the same time, in BTBR mice, an increase in
the Drd2 expression was observed in the frontal cortex on
the p14 day, while no significant interstrain differences were
found upon reaching sexual maturity (p60). Meanwhile, in
the hippocampus, interstrain differences in the Drd2 mRNA
level were established only in mature mice (p60): in the BTBR
strain, a decrease in Drd2 expression was revealed in com-
parison with the C57Bl/6 J mice, which showed a dramatic
increase in the Drd2 mRNA level after the 28th day of the
postnatal development.

In the frontal cortex of the BTBR mice, an increase in the
Creb] mRNA level was revealed on the 14th day of embryo-
genesis; in contrast, at the age of 60 days in BTBR mice, a
decrease in its expression was found (Fig. 2). This dynamics
in the Crebl expression in the BTBR strain is consistent

a Drdi b Drd2
5c Hippocampus ) Frontal cortex Hippocampus Frontal cortex
16} 8
4r 3 i —=— C57BL/6)
< 121 < 6f —e— BTBR
> 3t >
2 L L
< <
Z 5l 8r z 4
[o [o
€ I €
1+ 4t 2t
0 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1
el4 el18 pl4 p28 p60 el4 el18 pl4 p28 p60 el4 el18 pl4 p28 p60 el4 el18 pl4 p28 p60

Pre-/postnatal day

Pre-/postnatal day

Fig. 1. Drd1 (a) and Drd2 (b) mRNA levels in the hippocampus and frontal cortex of BTBR and C57BI/6 J mice at different periods of pre- and postnatal

development.

Gene expression is presented as the number of cDNA copies per 100 copies of Polr2a cDNA. n = 8-10.

Significant difference: &p < 0.05; p < 0.01; &&p < 0.001 - interstrain comparison within a certain day of ontogenesis.
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Creb1
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70} 180 |
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z L
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Pre-/postnatal day

Fig. 2. mRNA level of Creb1, encoding the transcription factor CRE-bind-
ing protein, in the hippocampus and frontal cortex of BTBR and C57BI/6 J
mice at different periods of pre- and postnatal development.

Gene expression is presented as the number of cDNA copies per 100 copies of
Polr2a cDNA. n = 8-10.

Significant difference: &p < 0.05 - interstrain comparison within a certain day
of ontogenesis.

a Bdnf
Hippocampus Frontal cortex
100 351
ol = C57BL/6) 301
5 | - BTR Py
>
& 601 201
2 a0l 15 s
% 40y 28&
L 10} 88
20
5 -
B &
0 1 0 [ =— 1 1 1
b Cdnf
1.0F 50
_ 08¢ 40
[
o L L
ﬁ 06 30+
= L L
nEc 04+ 20
0.2F 10+
| | 88&&
ol .

1 1 1 0 1 1 1 1
el4 e18 pl4 p28 p60 el4 el18 pl4 p28 p60

Pre-/postnatal day

Fig. 3. Bdnf (a) and Cdnf (b) mRNA levels in the hippocampus and frontal
cortex of BTBR and C57BI/6 J mice at different periods of pre- and post-
natal development.

Gene expression is presented as the number of cDNA copies per 100 copies of
Polr2a cDNA. n = 8-10.

Significant difference: #&p < 0.01; %&p < 0.001 - interstrain comparison within
a certain day of ontogenesis.

with changes in the cortical Bdnf mRNA level: on the 14th
day of embryogenesis, an increase in Bdnf mRNA level was
detected, while on the 60th day of postnatal development, a
decrease in its expression was shown (Fig. 3a). At the same
time, no interstrain differences in the Creb/ expression were
detected in the hippocampus during the investigated periods
of ontogenesis. Along with this, in the hippocampus and
frontal cortex, the peak of Crebl expression occurred on the
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Q
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Fig. 4. Ntrkb2 (a) and Ngfr (b) mRNA levels in the hippocampus and fron-
tal cortex of BTBR and C57BI/6 J mice at different periods of pre- and post-
natal development.

Gene expression is presented as the number of cDNA copies per 100 copies of
Polr2a cDNA. n = 8-10.

Significant difference: ¢p < 0.05; *p < 0.01; *&p < 0.001 - interstrain compari-
son within a certain day of ontogenesis.

18th day of embryogenesis, while in the frontal cortex, the
minimal value of the Creb! mRNA content was observed on
the 14th day of postnatal development (Fig. 2).

In BTBR mice, in the frontal cortex during the studied
periods of postnatal development (p14, p28, p60), a decrease
in the Bdnf coding exon mRNA level was detected, while
in the hippocampus, interstrain difference in its expression
was revealed only on the 28th day of postnatal development
(Fig. 3a). The detected changes in the Bdnf expression in the
frontal cortex during the postnatal development of BTBR
mice are consistent with the decrease in the Ntrkb2 mRNA
level (Fig. 4a), encoding the main BDNF receptor — tyrosine
kinase receptor B (TrkB).

Similarly to the changes in the Bdnf mRNA level in the
frontal cortex, a decrease in the Cdnf mRNA level on days 14,
28, and 60 of postnatal development was found in BTBR mice
(Fig. 3b). At the same time, in the hippocampus, no interstrain
differences in the Cdnf expression were observed (Fig. 3b),
while, regardless of the mouse strain, a dramatic increase in the
Cdnf, Bdnfand Ntrkb2 expression was revealed after day p28.

Analysis of the Ngfir gene (encoding the p75NTR receptor
mediating proBDNF action) expression dynamics showed
its increase on the 14th day of embryogenesis in BTBR mice
both in the hippocampus and frontal cortex (Fig. 4b). At the
same time, in the frontal cortex on the 60th day of postnatal
development, upon reaching puberty, the Ngfir mRNA level
significantly decreased in BTBR mice. In BTBR mice, the
peak expression of the Ngfi- gene in the investigated brain
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structures was observed on the 14th day of prenatal develop-
ment, while in C57Bl/6 ] mice, it was revealed on the 18th
day of embryogenesis (Fig. 4b), which is in a good agreement
with the increase of Creb! expression (Fig. 2).

Discussion

People suffering from ASD show changes in neuronal mor-
phology (Minshew, Williams, 2007). In this regard, the ana-
lysis of neurotrophins is a promising task for studying the
mechanisms of autism. It is known that the BDNF protein
is synthesized as a precursor (proBDNF), which is then
cleaved to the mature form (mBDNF) (Lessmann et al., 2003).
mBDNF is responsible for increasing synaptic plasticity,
whereas proBDNF, on the contrary, mediates its decrease
(Koshimizu et al., 2009). proBDNF, the expression of which
is elevated during the prenatal period (Yang et al., 2009), is
a key neurotrophic factor regulating the development of the
central nervous system through its influence on neurogenesis
(Koshimizu et al., 2009). In addition, increased proBDNF
levels were found in post-mortem sections of the fusiform
gyrus of people with autism (Garcia et al., 2012), which may
be the cause of a decrease in both neuronal differentiation and
dendritic spines formation (Teng et al., 2005). BDNF action is
mediated by two receptors, namely tyrosine kinase B receptor
(TrkB) and p75NTR receptor. p75NTR receptor was previously
suggested as a biomarker of ASD, since its mRNA level in
peripheral blood was found to be increased in people with
autism (Segura et al., 2015).

Here we found that in BTBR mice on the 14th day of
embryogenesis in the hippocampus and frontal cortex, when
neurogenesis should reach its maximum (Finlay, Darlington,
1995; Chen et al., 2017), the Ngfi- gene (encoding p75NTR
receptor) mRNA level is increased, while by the 18th day of
prenatal development, these differences are already eliminated.
Although the p75NTR receptor signal transduction pathways
are extremely diverse (Lu et al., 2005), proBDNF binding to
p75NTR is known to stimulate cell death (Teng et al., 2005).
It can be suggested that in BTBR mice, on the 14th day of
prenatal development, apoptotic activity in the hippocampus
and frontal cortex is increased, which, together with the
impaired synaptogenesis and a decrease in the ability of
neurons to form functional connections, leads to behavioral
deficits observed in autism (Wei et al., 2014). On the other
hand, increased apoptosis can lead to agenesis of the corpus
callosum, which is observed in BTBR mice (Bohlen et al.,
2012), and often in humans with autism (Frazier, Hardan,
2009). At the same time, in the neurotypical C57B1/6]J strain,
the highest Ngfr mRNA level in the hippocampus and frontal
cortex is observed on the 18th day of embryogenesis, which
then dramatically decreases together with the decline of
neurogenesis in these cell populations (Finlay, Darlington,
1995; Chen et al., 2017). An increase in the p75NTR receptor
expression detected in the frontal cortex of BTBR mice on
el4 is accompanied by an increase in the mRNA levels of
Bdnf coding exon, transcription factor Crebl, and also the
Ntrkb2 gene encoding the mBDNF receptor TrkB. Apparently,
increased expression of the key elements of the BDNF-TrkB
signaling pathway is a compensatory response to the putative
increase of apoptotic activity mediated by p75NTR receptor,
since BDNF, when bound to TrkB, triggers protein synthesis,
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growth and maturation of neurons (Fenner, 2012). At the
same time, in the frontal cortex of BTBR mice, a decrease in
both Bdnf and its receptor Ntrkb2 (TrkB) mRNA levels was
observed from day p14 to sexual maturity. That may indicate
a decrease in neuroprotective and neurotrophic properties
in cortical structures of BTBR mice and lead to autism-like
behavior. This, in accordance with our previous data, showed
that BDNF overexpression in the hippocampus reduces an-
xiety and stereotypic behavior in BTBR mice, which are
among the diagnostic criteria for ASD (Ilchibaeva et al., 2023).

Earlier it was found that Cc2d/a/Freud-1 knockdown in the
hippocampus of BTBR mice did not affect spatial memory
and phosphorylation of the CREB transcription factor (Belo-
kopytova et al., 2022), although such an effect was found in
C57Bl/6 J mice (Kondaurova et al., 2021). Based on these data,
we suggested that the functional activity of the CREB tran-
scription factor (stimulating BDNF expression) is impaired
in BTBR mice, which may be the cause of the disturbances
in the BDNF signaling cascade identified in the current study.

ASD is often accompanied by dysfunction in certain neu-
rotransmitter systems (Rodnyy et al., 2023). In particular,
increased levels of serotonin (Pourhamzeh et al., 2022), as
well as disturbances in the brain DA system functioning,
manifesting in changes in both DA metabolism (Yoo et al.,
2013) and signal transduction (Staal et al., 2015; DiCarlo et
al., 2019), have been established in ASD. It is known that
DA can affect cell proliferation and differentiation of telen-
cephalon cells during embryonic development: blockade of
DA-type 1 receptor (D;R) leads to a decrease in the rate of
cell division, while stimulation of DA-type 2 receptor (D,R),
on the contrary, promotes its activation (Popolo et al., 2004).
On the other hand, transduction of the DA signal upon D,R
activation reduces the migration of GABAergic interneurons
in the telencephalon (Crandall et al., 2007), which can lead to
disruption of inhibitory processes in cortical areas observed
in BTBR mice (Cellot et al., 2016) and often in people with
autism (Enticott et al., 2013). These data are in a good agree-
ment with our results identifying an increase in the Drd?2
mRNA level in the frontal cortex and hippocampus of BTBR
mice on the 14th day of prenatal development, which may
likely contribute to disturbances in the formation and func-
tioning of these brain structures.

There is a large amount of data on the relationship between
the BDNF and DA systems. For example, BDNF has been
proposed as a promising agent in the treatment of Parkinson’s
disease, given its stimulatory effect on both DA release (Neal
et al., 2003) and the overall trophic effect on DA neurons
(Palasz et al., 2020) upon activation of Bdnf expression (Kiip-
pers, Beyer, 2001). In this regard, unidirectional changes in
the expression of both D,R and BDNF-TrkB detected on the
14th day of embryogenesis in BTBR mice are consistent with
the concept of the relationship between the DA and BDNF
systems. At the same time, the decrease in the Drd2 mRNA
level observed in the hippocampus of BTBR mice at the age of
60 days together with the absence of changes in the expression
of genes encoding the studied neurotrophic factors may be a
consequence of a disruption in the CREB-dependent signaling
pathway (Belokopytova et al., 2022) and lead to deficits in
memory and learning. At the same time, the hippocampal and
cortical Drdl expression did not change in the BTBR strain
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during the studied periods of embryogenesis. However, in the
postnatal period, interstrain differences in the Drd/ mRNA
levels were detected both in the hippocampus and frontal
cortex. The Drdl expression level in the hippocampus of
BTBR mice was increased on day pl4, while in the frontal
cortex, on the contrary, its decrease was found already in the
juvenile period (p28). Despite the absence of interstrain dif-
ferences in the Drdl expression level upon reaching sexual
maturity (p60), the observed changes in the Drdl mRNA
levels during critical periods after birth may be among the
reasons for learning and memory impairments observed in
BTBR mice already in juvenile age (McFarlane et al., 2008).
Since the detected decrease in the Drdl mRNA level in the
frontal cortex of BTBR mice on the 28th day after birth was
accompanied by a decrease in the Bdnf and Ntrkb2 (TrkB)
expression, the participation of the BDNF-TrkB signaling
pathway in the regulation of DR expression was suggested.
This is in good agreement with our results showing that Bdnf
overexpression in the hippocampus of BTBR mice leads to
an increase in the Drd ] gene expression along with a decrease
in anxiety and stereotypy (Ilchibaeva et al., 2023).

The regulation of DA neurotransmission is also often asso-
ciated with the recently discovered non-canonical neurotro-
phin CDNF that has neuroprotective properties in conditions
associated with degeneration of DA neurons (Voutilainen et
al., 2011). There are currently no data on the role of CDNF
in the pathogenesis of ASD. Here we showed for the first
time the decrease in the Cdnf expression in the frontal cor-
tex of BTBR mice throughout the entire studied period of
postnatal development, starting with eye opening at day p14
till the onset of sexual maturity at day p60. Considering that
CDNEF is characterized by anti-apoptotic and neurotrophic
effects (Bohok et al., 2018), it was suggested that there is an
increased risk of cell death activation as well as reduction of
cytoprotective properties in the frontal cortex of BTBR mice
during the postnatal development, which may lead, among
other things, to disturbances in DA neurotransmission and,
hence, manifestation of autism-like behavior.

Conclusion

Thus, in the hippocampus and frontal cortex of BTBR mice,

characterized by autism-like behavior, a significant dysregula-
tion of the expression patterns of Cdnf, key DA receptors, Bdnf
and its receptors, as well as the transcription factor CREB

was shown. It was suggested that the identified disturbances
in the expression of the studied genes on the 14th day of em-
bryogenesis are critical for the formation of an autism-like
phenotype. The decrease in the expression of Cdnf, as well as
Bdnf and its receptor Ntrkb?2 in the frontal cortex during the
studied periods of postnatal development apparently results
in critical changes in the morphology of neurons in cortical
brain regions. At the same time, the revealed decrease in Drd?2
gene expression in the postnatal period may be associated with
learning and memory impairments observed in BTBR mice.
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