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Abstract—We studied the neurochemical effects of afobazol in the brain structures of BALB/C and C57BL/6
mice with serotonin deficit induced by para-chlorophenylalanine (PCPA), which inhibits tryptophan
5-hydroxylase, the main enzyme of serotonin synthesis. Interstrain differences were found in the level of nor-
epinephrine (NE), serotonin (5-HT), and dopamine (DA) metabolism parameters in the frontal cortex (FC),
amygdala, striatum, hypothalamus, and hippocampus. It was demonstrated that PCPA (350 mg/kg/3 days) caused
a considerable decrease in the level of 5-HT and its metabolite 5-HIAA in the structures of the brain studied in both
strains of mice, but in BALB/C mice the decrease in these indices was more intense (2–2.5 times). PCPA
decreased the level of NE in the hypothalamus, amygdala, and striatum of C57BL/6 mice. In the 5-HT defi-
ciency model, afobazol (5 mg/kg) influenced the parameters of dopaminergic neurotransmission by decreas-
ing the level of DOPAC and the DOPAC/DA ratio in the hypothalamus and striatum of both strains. An
increase in the content of 5-HT and NE was observed after a decrease caused by the administration of PCPA
in the hypothalamus and amygdala of BALB/C mice and the hippocampus and amygdala of C57BL/6 mice.
The indices of 5-HIAA/5-HT metabolism rate were decreased. The results of the current study confirm the
previous data on the role of the serotonergic brain systems in the mechanism of action of afobazol. In PCPA-
induced serotonin deficit, the drug influenced both stress-resistant (C57BL/6) and more emotionally labile
animals (BALB/C) which is reflected by the restoration of serotonin and norepinephrine levels in the hypo-
thalamus of BALB/C mice, as well as in the amygdala and hippocampus of C57BL/6 strain.

Keywords: afobazol, para-chlorophenylalanine (PCPA), mouse strains, brain structures, serotonin, norepi-
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INTRODUCTION
Modeling neurotransmitter deficiency in animals

with phenotypic variation in stress sensitivity is one of
the most commonly used methods for studying the
role of monoaminergic systems of the brain in anxiety
disorders and the mechanism of action of anxiolytics.
The main approach for modeling serotonin deficiency
(5-hydroxitriptamine, 5-HT) in the brain is inhibiting
tryptophan 5-hydroxylase (TPH), the key enzyme of
the serotonin synthesis, using the irreversible inhibitor
para-chlorophenylalanine (PCPA) or fenclonine, as
well as alimentary consumption of amino acids lacking
tryptophan which leads to a quick depletion of 5-HT
in the body resulting in a considerable decrease in the
content of this neurotransmitter [1]. BALB/C mice,
which differ from C57BL/6 animals by their passive
response to a modeled stress situation in an open field
[2], bear a mutation in TPH2 gene, which determines

a lower baseline level and synthesis rate of serotonin in
the brain of these animals [3–5].

Afobazol (5-ethoxy-2-[2-(morpholino)-eth-
ylthio]-benzimidazole dihydrochloride), synthesized
in the Zakusov Institute of Pharmacology, has a high
anxiolytic potential. The mechanism of anxiolytic
activity of afobazol is attributed to its ability to bind to
σ1 receptors, MT1 and MT3 melatonin receptors, as
well as an MAO-A regulatory site exerting modulatory
influence on the main neurotransmitter systems of the
brain [6, 7]. We demonstrated the selectivity of afoba-
zol action regarding different neurotransmitter sys-
tems in the brain of the indicated strains [8]. When co-
administered with the aromatic amino acid decarbox-
ylase inhibitor, NSD-1015, afobazol caused a decrease
in the level of 3,4-dihydrophenylacetic acid (DOPAC)
in the hypothalamus, and homovanillic acid (HVA) in
the striatum of rats, which suggests an inhibitory effect
of this substance on the main enzyme of DA biodegra-
dation, monoamine oxidase B (MAO-B) [9]. Despite
the fact that significant data have recently been col-
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lected on the pharmacological effects of afobazol,
there is still very little information about its influence
on the serotonergic system, which plays the leading
role in the neurochemical mechanism of anxiety and
depressive disorders.

For this reason, the present study was aimed at
investigating the neurochemical aspects of the effect of
afobazol on the content of monoamines and their
metabolites in the brain structures of mouse strains
with different emotional phenotypes, BALB/C and
C57BL/6 under normal conditions and in PCPA-
induced 5-HT deficiency.

MATERIALS AND METHODS
Animals. The experiments were performed with

BALB/C and C57BL/6 male mice weighing 20–24 g
(“Stolbovaya” vivarium) held under laboratory vivar-
ium conditions with a 12-hour of light cycle with water
and standard food ad libitum. To exclude the influ-
ence of circadian biorhythms on the rate of the neuro-
mediator biosynthesis and metabolism, the tests were
performed between 10 and 12 in the morning. Experi-
ments were performed in compliance with “Rules of
good laboratory practice of the Russian Federation”
approved by the Order of the Ministry of Health of the
Russian Federation № 199н of April 1, 2016. The ani-
mals were sustained in accordance with SP 2.2.1.3218-14
“Sanitary and epidemiological requirements to
arrangement, equipment and maintenance of biologi-
cal clinics (vivariums)” of August 29, 2014 no. 51. The
experimental procedures were approved by Bioethics
Commission of the Zakusov Institute of Pharmacol-
ogy (protocol no. 6 of 16 April 2018).

Investigated substances. Afobazol (Zakusov Insti-
tute of Pharmacology) was dissolved in 0.9% NaCl and
administered intraperitoneally at a dose of 5 mg/kg
1 hour prior to decapitating the animals. PCPA
(Sigma) was administered intraperitoneally for three days
at a dose of 150 mg/kg on the first day and 100 mg/kg on
the following days. According to the literature, the
decreased level of serotonin caused by PCPA develops
gradually, reaches its peak after 3 days, and remains
unchanged for 5–6 days [10].

Design of the experiment. The animals were divided
into the following experimental groups (number of
animals is given in brackets):

Group 1 BALB/С, control (0.9% NaCl) (n = 9);
Group 2 BALB/С, 0.9% NaCl + afobazol

(5 mg/kg) (n = 10);
Group 3 BALB/С, PCPA at a total dose of

350 mg/kg (n = 10);
Group 4 BALB/С, 0.9% NaCl + afobazol + PCPA

(n = 10);
Group 5 C57BL/6, control (0.9% NaCl) (n = 10);
Group 6 C57BL/6, 0.9% NaCl + afobazol

(5 mg/kg) (n = 9);
N

Group 7 C57BL/6, PCPA at a total dose of
350 mg/kg (n = 10);

Group 8 C57BL/6, 0.9% NaCl + afobazol + PCPA
(n = 9).

Neurochemical studies. The animals were decapi-
tated 60 min after substance administration. The brain
structures (frontal cortex (FC), hippocampus, hypo-
thalamus, and striatum) were extracted on ice, frozen,
weighed, and stored in liquid nitrogen. Prior to the
experiments on the measurement of neurotransmitter
levels, the samples were homogenized using a Potter
homogenizer (teflon/glass) in 1 mL of 0.1 M HСlO4
with 3,4-dioxybenzylamine (0.5 nmol/mL) as the
internal standard. The samples were centrifuged at
10000 g for 10 min. The content of monoamines and
their metabolites (norepinephrine (NE), dopamine
(DA), 3,4-dihydrophenylacetic acid (DOPAC),
homovanillic acid (HVA), serotonin (5-hydroxytrypt-
amine, 5-HT), and 5-hydroxyindoleacetic acid (5-
HIAA)) was measured by high pressure liquid chro-
matography with electrochemical detection
(HPLC/ED) using an LC-304T chromatograph
(BSA, West Lafayette, United States) with a ReproSil-
Pur ODS analytical column (C18, 100 × 4 mm, 3 μm)
(Dr.Maisch, Germany) [11].

Statistical analysis of the data on the content of
monoamines in the brain structures was conducted as
follows: the data were analyzed using the Shapiro-Wilk
test. Since the distribution of the results was close to
normal, statistical significance of differences was ana-
lyzed using three-way ANOVA test followed by Dun-
can’s multiple-range test with the critical level of sig-
nificance at α = 0.05. Mean values and standard errors
of the mean are presented (М ± S.E.M.).

RESULTS AND DISCUSSION
The content of monoamines and their metabolites

in the brain structures of control intact BALB/C and
C57BL/6 (0.9% NaCl) mice that were not exposed to
external influence is presented in Table 1.

Comparison of the neurochemical indices in the
two strains of animals demonstrated a statistically sig-
nificant decrease in the levels of NE in the FC and
hippocampus of BALB/C mice compared to C57BL/6
mice. In the hypothalamus NE content, on the con-
trary, was significantly higher. The level of DA metab-
olites DOPAC and HVA in the hypothalamus and
amygdala of stress-sensitive mice, as well as the con-
tent of DA, were considerably higher than the corre-
sponding values in C57BL/6 mice. The parameters of
the serotonergic system of BALB/c mice significantly
differed from C57BL/6 mice by higher 5-HT content
in the amygdala and lower 5-HT content in in the hip-
pocampus (Table 1).

A single dose of 5 mg/kg afobazol caused changes
in the neurotransmitter levels in the brain structures of
both mouse strains; the strongest effects were
EUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
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observed for the serotonergic and norepinephrinergic
systems. In the hypothalamus, amygdala, and hippo-
campus of C57BL/6 mice, we observed an increase in
NE, whereas in BALB/C mice, its concentration
showed a statistically significant decrease in the stria-
tum and hippocampus (Table 2). Afobazol caused an
increase in the content of 5-HT in almost all the stud-
ied brain structures (except the striatum) in C57BL/6
mice, whereas the content of 5-HIAA and the index of
the 5-HT metabolism rate (5-HIAA/5-HT) in all the
structures showed a statistically significant decrease.
A similar decrease in the 5-HT metabolism rate was
observed in the brain structures (except the amygdala)
of BALB/C mice, however, it was not accompanied by
the accumulation of the neurotransmitter; on the con-
trary, it showed a decrease in the striatum.

The effects of afobazol on the parameters of the
dopaminergic system were characterized by a consid-
erable (up to 264%) increase in the content of DA in
the amygdala of mice with passive stress response. In
the same structure of C57BL/6 animals, a signifi-
cantly lesser increase (up to 145%) in the level of DA
was observed. A decrease in the content of DOPAC
and HVA was observed in the striatum of mice with
active (47 and 45%, respectively) and passive (40 and
30%, respectively) stress response (Table 2).

PCPA at a total dose of 350 mg/kg for 3 days pre-
dictably caused a considerable decrease in the content
of 5-HT and 5-HIAA in the studied brain structures in
both mouse strains. Notably, mice with passive stress
response (BALB/C) demonstrated a more profound
decline in these indices—down to 70–80% of con-
trols, which was 2–2.5 times lower than in C57BL/6
mice. PCPA considerably decreased the level of NE in
the hypothalamus, amygdala, and striatum in stress-
sensitive mice without affecting it in C57BL/6 mice.
The values of the dopaminergic transmission parame-
ters remained almost unchanged in the brain struc-
tures of both mouse strains (Table 2).

Afobazol in the model of serotonin deficit induced
by subchronic administration of PCPA influenced the
parameters of dopaminergic neurotransmission. In
the hypothalamus and striatum of BALB/C and
C57BL/6 mice, we observed a decrease in the content
of DOPAC and a decrease in the DA metabolism rate
(DOPAC/DA). The influence of afobazol on the con-
tent of 5-HT and 5-HIAA are of great interest. Afoba-
zol increased the content of 5-HT, which was previ-
ously decreased as a result of PCPA administration, in
the hypothalamus of mice with passive stress response
(BALB/C) and in the FC, amygdala, and hippocam-
pus of stress resistant mice (C57BL/6). The metabo-
lism rate index (5-HIAA/5-HT) was decreased in the
FC, hypothalamus, and amygdala of the both mouse
strains similarly. However, the extent of serotonin
deficiency compensation by afobazol was higher in
C57BL/6 mice. A considerable increase in the NE
content, which was previously decreased by PCPA,
N

was registered in the amygdala and hippocampus of
C57BL/6 mice and hypothalamus of stress-sensitive
mice.

The decline in the level of 5-HT that we observed
in the brain structures of BALB/C and C57BL/6 mice
(Table 2) is consistent with the literature evidence that
subchronical administration of PCPA for 3 days leads
to an 80% decrease in the content of 5-HT compared
to the initial values. This effect results from inhibition
of the main enzyme of 5-HT biosynthesis tryptophan
5-hydroxylase by PCPA [10, 12]. In our study, PCPA
caused a deeper (80%) decline in the level of serotonin
and its metabolite in the brain structures of BALB/C
mice, which points to a decreased rate of serotonin
synthesis in these animals [13].

The data on the influence of afobazol on the
parameters of the serotonergic system are consistent
with the results of our previous studies. Thus, afobazol
in the model of serotonin synthesis disturbance
induced by aromatic amino acid decarboxylase inhib-
itor NSD-1015 caused an increase in the content of
the serotonin synthesis precursor 5-hydroxytrypto-
phan (5-HTP), 5-HT, and its metabolite 5-HIAA in
the hypothalamus of rats by 50, 60, and 50%, respec-
tively, which suggests that this anxiolytic influences
tryptophan hydroxylase, the enzyme of 5-HTP syn-
thesis [9]. In another of our studies, co-administering
afobazol and the 5-НТ2b/2c receptor antagonist
SB-200646А caused an increase in the content of
5-HT and 5-HIAA in the hippocampus of BALB/C
mice, which may be considered as positive modulation
of the anxiolytic effect resulting from the blockade of
5-HT2 serotonin receptors, which points to the
involvement of these receptors in the realization of the
anxiolytic effect of afobazol [14]. In the present study,
in PCPA-induced 5-HT deficiency the afobazol-
induced increase in the level of neurotransmitter
occurred due to its decreased metabolism, probably
resulting from inhibition of monoamine oxidase A
(MAO-A), an enzyme responsible for its biodegrada-
tion [6]. Note that afobazol to a larger extent mitigated
PCPA-induced 5-HT deficiency in the brain struc-
tures of mice resistant to stress (C57BL/6) restoring its
level to almost normal in the FC, hypothalamus, and
amygdala. The weaker effect in stress-sensitive mice
(BALB/C) can be attributed to genetically determined
low levels of the enzymes MAO-B, MAO-A, and,
probably, tryptophan 5-hydrozylase [4–6].

Interestingly, afobazol increases the NE concen-
tration in the same structures where the increase in
5-HT was observed. Under conditions of PCPA-
induced deficit, it occurs in the amygdala and hippo-
campus of C57BL/6 mice and in the hypothalamus of
BALB/C mice, and under normal conditions, in the
amygdala, hippocampus, and hypothalamus of stress-
resistant mice. This increase in the concentration of
NE and 5-HT in the synaptic cleft are caused by prac-
tically all antidepressants of differing structures. The
EUROCHEMICAL JOURNAL  Vol. 15  No. 1  2021
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antidepressant mirtazapine blocks alpha-2 NE recep-
tors and through a negative feedback increases the
level of NE and 5-HT in the synaptic cleft. In our
experiment, the effect of afobazol is likely related to
the inhibition of neurotransmitter degradation due to
a decrease in the activity of MAO-A. This assumption
is substantiated by the data on the afobazol binding
profile [6].

The influence of afobazol on the indices of dopa-
minergic neurotransmission is consistent with our
previous data. Thus, it was demonstrated that, when
co-administered with the aromatic amino acid decar-
boxylase inhibitor, NSD-1015, afobazol causes a
decrease in the level of DOPAC in the hypothalamus,
and HVA in the striatum of rats, which suggests that
the former inhibits the main enzyme of DA biodegra-
dation monoamine oxidase B (MAO-B) [9]. In the
present work, the effects of afobazol on the DA metab-
olites DOPAC and HVA in the hypothalamus and stri-
atum of the both mouse strains may be similarly
explained by a decrease in the rate of DA utilization.

As for the interstrain differences in the behavioral
effects of afobazol on animals with phenotypic varia-
tions in emotional reactions, it is known from the lit-
erature that the drug only influences one phenotype—
animals with genetically determined fear response to
emotional stress (BALB/C strain) and humans with
individual typological traits of mental susceptibility to
stressors [15].

The results of the present study substantiate our
previous data on the involvement of the serotonergic
brain systems in realizing the effects of afobazol and
shed light on the role of the adrenergic system. In
PCPA-induced serotonin deficiency, the drug influ-
ences both stress-resistant and emotionally labile ani-
mals, which is manifested in the compensatory resto-
ration of the serotonin level in the frontal cortex,
amygdala, and hippocampus of C57BL/6 mice and
the hypothalamus of BALB/C mice. At the same
time, afobazol increases the level of norepinephrine in
the amygdala and hippocampus of C57BL/6 mice and
in the hypothalamus and amygdala of BALB/C mice.
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