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Abstract. Among neurodevelopmental disorders in children, the most common and socially significant are attention
deficit hyperactivity disorder (ADHD) and autism spectrum disorders (ASD). It has already been proven that ASD and
ADHD have a number of common components of pathogenesis and are characterized by some common clinical fea-
tures, but the factors that would lead to the development of ADHD, ASD or ADHD + ASD have not yet been described,
which necessitates the development of animal models of this condition. Many research groups consider ASD and
ADHD as polygenic diseases. However, the identification of more and more new candidate genes does not bring us
closer to understanding the etiology. According to modern concepts, the development of AS + ADHD requires a com-
bined effect of at least a genetic and cerebro-organic factor, therefore, to model the main symptoms of this condition,
it is optimal to use drugs that cause organic brain damage in animals with genetically determined disorders. In these
diseases, genetically determined disorders should mainly affect monoaminergic neurotransmitter systems, because
they determine the course of all fundamental processes for the CNS. This review argues that rats with knockout of the
dopamine transporter gene (genetic factor) and developed valproate syndrome (cerebral-organic factor) can be used
to study the pathogenesis of ASD combined with ADHD.

Key words: autism spectrum disorders; attention deficit hyperactivity disorder; dopamine transporter knockout rats;
sodium valproate.
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Pe3tome. Cpefun ncuxmyeckux paccTponcTs y Aeter Hambonee pacnpoCTpaHEHHbIMI U COLManbHO 3HAYMMbIMU
ABMNSIOTCS CUHAPOM AeduunTa BHUMAHMS ¢ runepakTuBHocTbio (COBI) 1 paccTpoiicTBa ayTUCTUYECKOTO CrekTpa
(PAC). Yxe pokasaHo, uto PAC n CIBI umetoT psip 06LmMX 3BeHbEB NaTOreHe3a 1 XxapakTepusyrTcs HEKOTOPbIMM
06LWMMN KIIMHUYECKMMI OCODEHHOCTSIMM, HO DAKTOPI, ENCTBIE KOTOPBIX MPMBOAMUNO 6bl k passuTuio COBI, PAC
unn COBI + PAC, elle He onucaHbl, YTo 00ycrnoBnmnBaeT HeoOXoANMOCTb pa3paboTKM XNBOTHLIX MOAENE Takoro
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cocTosHus. MHorne uccnegosatensckue rpynnbl paccmatpusatoT PAC n COBI kak nonureHHble 3abonesaHus.
OpHako BbisSiBIIEHWE BCE HOBLIX W HOBbIX FEHOB-KaHAWLATOB He NpUbNMKAET HAC K MOHMMaHWI0 BONpoca UX 3TMoso-
run. CornacHo COBpeMeHHbIM npeacTasneHnam, ana passutus PAC + CBI Heobxoanmo coyeTaHHoe LencTaue,
Kak MUHUMYM, FEHETUYECKOTO U LiepebpanbHO-0praHnieckoro akTopos, NO3ITOMY AN MOAENUPOBAHNS OCHOBHbIX
CUMMNTOMOB AaHHOTO COCTOSIHMS ONTUMArbHO MCNOMb30BaTh NpenapaTthl, BbI3bIBAKOLLME OPraHNYeCKoe NopaXeHue
FOMIOBHOMO MO3ra Y XMBOTHbIX C FEHETUYECKN AETEPMUHNPOBAHHLIMU HapyLeHMaMu. Mpy gaHHbIX 3aboneBaHusx
FEHeTUYECKN SETEPMUHMPOBAHHbIE HApPYLWEHWS, raBHbIM 0Bpa3oM, LOMKHbI 3aTparnBaTb MOHOAMUHEPrUYecKue
HepoOMeanaToOpHbIe CUCTEMbI, MOTOMY YTO UMEHHO OHUM ONPeLEensioT TeueHne Bcex dyHaameHTanbHbix 4ns LIHC
npoueccos. B faHHOM 0630pe NpUBOAATCS JOBOALI B MOMbL3Y TOFO, YTO KPbIChl C HOKAYTOM reHa — TpaHcnopTepa
AodamuHa (reHeTuyYeckuin akTop) U pasBMBLUMMCS BanbnpoaTHbIM CUHAPOMOM (LepebpanbHO-opraHnyeckuit
(hakTop) MoryT bbITb NCMONb30BaHbl ANs M3yyeHus natoreHesa PAC B covetanuu ¢ CLIBI.

KntoueBble cnoBa: paCCTp0I7ICTBa ayTUCTUYECKOro crnekTpa; CUHOpom ,qeq)mu,ma BHUMaHNA C TMNePakTUBHOCTbIO;

DAT-KO kpblICbl; BanbnpoaT HaTpus.

In children, the most common and socially significant
psychiatric disorders are attention deficit hyperactivity disor-
der (ADHD) and autism spectrum disorders (ASD) [26, 37].
ADHD is a complex behaviour disorder [32] with high level of
inheritance [41]. It is characterised by inattention, increased
mobility and impulsiveness [32]. According to the 5 edition
of Diagnostic and Statistical Manual of Mental Disorders,
symptoms of ADHD appear before the age of 12 years,
and cause significant impairment in social, academic, and
occupational functioning throughout life [7]. Prevalence of
ADHD in the world is 5-12 % [25]. It occurs 2—7 times more
often in boys [41]. ASD is heterogeneous group of psychiat-
ric diseases and disorders with similar symptoms, such as
of a violation of the ability for social interaction, verbal and
non-verbal communication, stereotypical behaviour [3, 6]. In
recent years, the prevalence of ASD in the world increased
7-8 times, and currently is observed in 0.7-2.6 % of humans
of all populations, regardless of racial, ethnic and socioeco-
nomic states [1, 27]. ASD, like ADHD, are more common in
boys [2, 21].

The most unfavourable prognosis is observed in case of
ASD and ADHD combination [11, 12]. In children with both
disorders, there are a lot of problems with education and
socialisation, than, e.g., in children who have just ASD. In
12.5% patients with ADHD, ASD is diagnosed, that is more
common than in general population [60]. Despite its great
social significance and prevalence of ASD and ADHD, etio-
logy and pathogenesis of these disorders is still unknown.
High frequency of ADHD and ASD combination shows some
common links in etiology and pathogenesis. For example,
in the study on genetic linkage of several groups of poly-
morphic markers located at loci 16p13, 2924, 16p1, 17p11,
5p13 and 15q, it was shown, that such loci linked to ASD
and ADHD [4, 20]. However, finding of new genes linked to
ASD and ADHD does not bring us any closer to understan-
ding the etiology of these disorders.

In these diseases, genetically determined disorders
must affect monoaminergic neurotransmitter systems, be-
cause the systems determine the course of all fundamental
processes for central nervous system (CNS). For example,
dopamine has regulatory impact on motor activity, motiva-
tion, cognitive functions, reinforcement learning systems,
excitation processes, and the development of addictions
[23, 35, 55]. At the same time, serotonin is primarily involved
in psychomotor inhibition, regulation of emotions and mood,
cognitive activity, and adaptation to stressful influences [9,
10]. Of course, associations between severity of the dis-
ease and mutations in genes encoding dopamine transpor-
ter (DAT1), D,-dopamine receptor, Ds-dopamine receptor,
dopamine beta-hydroxylase, alpha-2A adrenergic receptor,
serotonin transporter, tryptophan hydroxylase-2, monoa-
mine oxidase-A, etc. [28]. However, there was no specific
mutations for the diseases. In children with ADHS, decrease
in dopamine transporter (DTA) level in basal ganglia and
thalamus was found [40, 47, 57]. Also, several studies have
shown the presence of amino acid substitutions in DAT se-
quence associated with ASD [13, 19, 24]. For the one of
such substitutions, DAT T356M, it was proven that the mu-
tation leads to an increase in the level of extracellular do-
pamine. Assumptions, that ASD development is linked with
disorders of the dopaminergic system (DE-system), are also
supported by the widespread clinical use of neuroleptics
(D2 dopamine receptor antagonists) in the symptomatic treat-
ment of ASD [53]. D2 receptors are metabotropic receptors
whose mechanism of action is associated with the inhibition
of cyclic adenosine monophosphate (CAMP) production via
Gi/Go proteins [42]. The receptors are widespread in stria-
tum (corpus striatum), and in temporal, frontal, occipital, pre-
frontal and anterior cingulate cortex, i.e. in areas involved
in processing emotional and sensorimotor modalities. Re-
ceptors are localised both pre- and postsynaptically [42]. In
ASD and ADHD or combination, changes in the expression
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of D2 receptors are observed, which correlates with the se-
verity of symptoms of these mental disorders [42].

In recent years, microRNAs have been considered as
potential “participants” in the pathogenesis of ASD and
ADHD. MicroRNAs modulate gene expression and encode
brain-derived neurotrophic factor, DAT1, serotonin 2C re-
ceptor, 5-hydroxytryptamine receptor 1B [45]. It is not unbe-
lievable, because around 70 % of all studied microRNAs are
in brain and play key role in regulation of synaptogenesis
and synaptic plasticity [54]. Nowadays, decrease in the level
of six microRNAs ((miR-19a-3p, miR-361-5p, miR-3613-3p,
miR-150-5p, miR-126-3p u miR-499a-5p) in blood was
observed in children with ASD and their healthy relatives
compared to the controls [49]. There were five micro-
RNAs (miR-181b-5p, miR-320a, miR-572, miR-130a-3p u
miR-19b-3p) with high predictive power for the diagnosis of
ASD [43]. In children with ASD and ADHD, decreased le-
vel of microRNAs 18a-5p, 22-3p, 24-3p, 106b-5p, 107 was
found compared to controls. At the same time the level of
microRNA-107 had high predictive role in ASD diagnosis [31].

So, ADHD and ASD have some similar links in patho-
genesis and are characterised by some similar symptoms,
but the factors, which effect would inevitably lead to the de-
velopment of ADHD, ASD or ADHD + ASD have not been
described. In this regard, research aimed at identifying the
nature of relationship between ASD and ADHD is of great
importance. Discovery of new pathogenesis links common
to these diseases will undoubtedly contribute to the deve-
lopment of reliable diagnostic ways, effective treatment, and
correction approaches.

Since the range of possible clinical trial designs, espe-
cially involving minors, is very limited, solution to the prob-
lem described above requires the development of adequate
animal models of ASD + ADHD. However, it is currently im-
possible to obtain a similar clinical picture of psychopatho-
logy in animals. This problem may be solved only partially
by modelling only limited set of characteristics observed in
both patients and laboratory animals. Known data on the
etiology and pathogenesis of the disease should be taken
into account. There must be methods for objectively asses-
sing these characteristics.

Due to modern point of view, combination of genetic and
cerebral organic factors is necessary for development of
ASD+ADHD [29, 33, 37]. So, to model common symptoms
of such disorder, it is better to use medicines causing organic
brain damage in animals with genetically determined disor-
ders, such as dopamine metabolism disorders. One of such
medicine is valproic acid, a short chain fatty acid which is
used as anti-epileptic drug. Mechanism of action of the val-
proic acid is realised due to changes in neurotransmitters, in-
hibition of histone deacetylase activity and gamma-aminobu-

tyric acid catabolism, activation of B-catenin-Ras-ERK-p21
signalling pathway, inhibition of glycogen synthase 3p-kinase
[46]. However, valproic acid in pregnant women penetrates
the placental barrier and accumulates in the fetal blood-
stream [56], where the acid anion forms covalent bonds with
negatively charged molecules, such as antioxidant enzymes,
disrupting their function. Accumulation of free radicals leads
to damage in nucleic acids (including mitochondrial DNA),
lipids and proteins [48], which leads to neural tube defects
[17]. Valproic acid also inhibits enzymes of folic acid meta-
bolism, which is reflected in a decrease in its content and/or
a decrease in the rate of conversion of the inactive form of
folic acid into a biologically active one [38]. So, the valproic
acid has a pronounced teratogenic effect, which has been
confirmed in multicentre clinical researches [14, 59]. Based
on the described data, valproic acid began to be used to mo-
del some symptoms of autism [39]. So, it was shown, that in
rats, who were treated with valproic acid in utero, decreased
pain sensitivity, hyperactivity, stereotypical actions, increased
anxiety and decreased social interaction were observed [52].
These manifestations phenomenologically correspond to
common symptoms of ASD (triad of autistic impairments). It
is worth noting that disturbances in social adaptation and be-
haviour are characteristic features of all forms of ASD, as well
as one of the symptoms of ADHD.

Several studies on mice and rats have demonstrated
anatomical changes in cerebral cortex and cerebellum in-
duced by valproic acid (VPA) administration: a decrease in
number of Purkinje cells, damage to cranial nerve nuclei,
and synaptic changes in cerebral cortex [2, 3, 24], accom-
panied by ASD-like behaviour. Thus, modelling of ASD with
valproic acid administration has etiological basis [51, 52].
However, ASD may appear in children born to mothers
who have not received valproic acid. Nevertheless, it was
shown, that teratogenic impact of the valproic acid is similar
in male, and female rats. At the same time, ASD is 4 times
more common in boys, than in girls [22]. The damaging
effects of the valproic acid are not directly related to mo-
dulation of monoaminergic neurotransmitter systems. There
is only one study demonstrating an increase in serotonin
levels in the hippocampus and a decrease in dopamine in
the prefrontal cortex in rats after the administration of val-
proates on the 9th day of embryonic development [44]. The
most interesting thing is that when valproate acted on dopa-
minergic neurons in culture (line N27), a 3-10-fold increase
in mRNA production and two-fold increase in DAT protein
content were observed [30], which does not correspond to
clinical observations. That is why validity of such model is
very limited. There is a possibility that an introduction of
low valproate doses in combination with a genetically de-
termined disorder of dopamine metabolism, set by knockout
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of the dat-gene will allow us to remove the limitations of the
model described above. Rats and mice of an DAT-KO line
have already been considered as models for studying the
etiology and pathogenesis of ADHD.

Already established phenotypic manifestations of DAT
gene knockout in mice are hyperactivity and cognitive im-
pairment. The hyperactivity of DAT-KO mice has been ob-
served in many studies, in particular in Open Field test,
beam-break test, and test of locomotor activity in a novel
environment (Loco). The distance covered in the tests in
such mice was significantly greater, their average speed
was higher, and the time of immobility was shorter than in
wild-type animals [23, 50]. In addition, the average turning
angle of DAT-KO mice and tortuosity of their trajectory in
the Open Field test were lower, as the level of interaction
with novel objects in Loco. It can be concluded that their
exploratory activity was reduced [22].

Cognitive impairments in KO mice were demonstrated in
the Y-maze and H-maze tests. In the H-maze, these mice per-
formed worse in learning rules, although the olfactory func-
tions necessary for successful rule memorisation were not
impaired [18]. In the Y-maze, KO mice showed a decrease in
spontaneous alternation of sleeves [36]. In addition, KO mice
had worth results in Morris water maze [58]. In general, these
data indicate an impairment of working memory functions.

Anxiety in KO mice was assessed using an elevated
plus maze and light-dark preference assays [15]. In the ele-
vated plus maze, a decrease in anxiety was observed in KO
mice compared to wild-type mice, which was manifested by
an increase in the time spent in the open (light) sleeve of
the maze and increase in the number of hangings in the
open sleeves. The anxiolytic phenotype (reduced anxiety)
was confirmed in the light-dark preference assays, where
KO mice spent significantly more time in the light compart-
ment of the chamber compared to wild-type mice.

The phenotypic manifestations of dat gene knockout in rats
are largely similar to those in DAT-KO mice. Hyperactivity in
DAT-KO rats has been confirmed in many studies [5, 8, 16,
34]. For example, in the in the active avoidance conditioned
reflex test, DAT-KO rats demonstrated a high level of loco-
motor activity even after receiving an electric shock [5]. In the
Open Field test, DAT-KO rats travelled a distance several times
longer than controls, but they moved in one direction along the
periphery of the arena. Cognitive impairments in DAT-KO rats
have been demonstrated in tests such as the Y-maze, marble
burying tests, and Intolerance-to-Delay Task [5, 16, 34]. In the
Y-maze, such rats had a reduced level of spontaneous alter-
nation compared to wild-type animals, which may indicate a
deterioration in working memory [34]. The results of the marble
burying test and Intolerance of Delay test suggest compulsive
behaviour in DAT-KO rats [5, 16]. Such rats spend significantly

more time interacting with the balls and also prefer a larger
reward, even if it is presented at a suboptimal time (large and
late reward).

Contradictory results were obtained when analysing the
anxiety level of DAT-KO rats. While in the elevated plus maze
test DAT-KO rats demonstrated increased exploratory activity,
indicating a low level of anxiety, in the light-dark preference as-
says their activity in the light part of the box was reduced (long
freezing was observed) [5, 8]. So, it can be assumed that the
level of anxiety of DAT-KO rats is reduced (similar to mice), but
they show short-term anxiety under certain conditions.

Thus, ASD and ADHD have common pathogenesis
links, are accompanied by dopamine metabolism disorders.
The ASD +ADHD combination is the most unfavourable. The
changes observed in ASD +ADHD can be set in an experiment
using intrauterine exposure to low doses of valproates as an
additional cerebral organic factor in DAT-KO rats. Modelling
ASD +ADHD will allow us to expand our understanding of the
pathogenesis of such diseases and increase the possibility of
developing targeted pharmacotherapy.
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AONONMHUTENBHAA UHOOPMALINA

Bknag aBTOpOB. BCce aBTOPbI BHECIU CYLLECTBEHHDI
BKNapg B pa3paboTKy KOHLENuuu, npoBeAeHne uccneaosa-
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