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Background. Mesocortical and nigrostriatal dopaminergic systems are highly sensitive to stressful events. One of the
most adequate models of acute psychogenic stress in animals is the death of a partner upon presentation of a predator.
Aim. To study the content of dopamine (DA), serotonin and their metabolites: dioxyphenylacetic (DOPAC), homovanillic and
5-hydroxyindoleacetic (5-HIAA) acids in the prefrontal cortex, striatum, and ventral tegmental area in rats on days 3, 7, and
14 after the acute psychogenic stress of the death of a partner upon presentation of a predator.

Materials and methods. 28 male Wistar rats were studied. Acute single psychotraumatic situation was used. A group of rats
was placed in a tiger python terrarium. One animal died as a result of its nutritional needs, the rest of the rats experienced
the death of a partner. The content of monoamines in the brain structures was carried out by high performance liquid
chromatography with electrochemical detection.

Results. Changes in the content of monoamines in the prefrontal cortex, striatum, and ventral tegmental area were found on
the 7 and 14 days after the presentation of the predator. In the ventral tegmental area on the 7 day, there was an increase
in the DOPAC/DA ratio and an increase in the serotonin metabolite 5-HIAA, which reflects an increase in the activity of
dopamine and serotonin. In the prefrontal cortex on the 14 day, the DOPAC content and the DOPAC/DA index decreased.
The 5-HIAA content in the prefrontal cortex and the 5-HIAA/5-HT value also significantly decreased.

Conclusions. Changes in the metabolism of monoamines after presentation of a predator develop gradually: increase of the
dopamine and serotonin activity in the ventral tegmental area was noted on the 7 day after presentation of the predator,
decrease in their activity in the striatum and prefrontal cortex only on the 14 day, reflecting the development of depressive
states and post-traumatic stress disorder.
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AKTYyanbHOCTb. Me30KOPTUKaNbHAs U HUFPOCTPUATHAN LODaMUHEPIUYECKUE CUCTEMbI BbICOKOYYBCTBUTENbHbBI K CTPECCOPHbIM
MCUXOreHHbIM Bo3aeicTBuaM. OfHa 13 Hanbonee afleKBATHbIX MOAeEsel 0CTPOro MCUXOFeHHOro CTPecca Y XMBOTHbIX — 3TO
cuTyaumsa rubenn napTHepa npu NpeabaBEHUM XULLHMKA.

Lenb nccnepoBaHus — M3yunTb AMHAMMKY ypOBHS AodamuHa (JA), cepoToHMHA M X MeTabonnTOB: AMOKCUDEHUTYKCYC-
Hoi (JO®YK), roMmoBaHMANHOBOW M 5-rupgpokcunHponykcycHon (5-TMYK) kncnot — B npedpoHTanbHoM Kope, cTpuatyme
M BEHTpanbHOM 06/1aCTU MOKPBIWKK Y KpbiC HA 3, 7 u 14-i4 gHM nocne OCTPOro NMCUMXOreHHOro BO3LENCTBMA CUTYaLUH
rmbenn napTHepa Npu NpeabsBAEHUN XULLHMKA.

Matepuanbl n Metopbl. B paborte 6bin0 MCNonb3oBaHO 28 Kpbic-CaMUOB AuMHUMKM Buctap. MpumeHanu ocTpyt ofHo-
KpaTHYI NCUXOTpaBMUpYlOLY0 cuTyauuto. Kpbic momelwanu B TeppapuyM K TMUrpoBoMy MUTOHY. OfHO XMBOTHOe mno-
rmbano B pesynbraTe MULLEBbIX NOTPEOHOCTEN MUTOHA, OCTa/bHblE KPbIChl MepexuBanu CUTyauuto rubenu naptHepa.
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OnpepeneHne ypoBHS MOHOAMUHOB B CTPYKTypax MO3ra NMpOBOAWIN METOLOM BbiCOKO3I(hGHEKTUBHOM XMUAKOCTHOM XpoMa-

Torpadun C 3NEKTPOXUMUYECKOM AeTeKUUen.

Pesynbratbl. O6HapyXeHbl U3MEHEHUS YPOBHS MOHOAMMHOB U X MeTabonnTOB B NpedpOoHTaIbHOM KOpe, CTpUaTyMe U BEHTpab-
HOM 06NMacTV MOKPBIWKKU Ha 7-i U 14-i aHWM nocne npeabsaBneHUs XMLLHUKA. B BeHTpanbHOM 061acTi NOKPbLIWKK Ha 7-i AeHb
oTMevanocb noebiweHne nHaekca JODYK/LA v ypoBHa MeTabonuTa cepoToHuHa 5-TMYK, 4yTo oTpaxaeT Bo3pacTaHue aKTMB-
HOCTM JOpaMMH- U CEPOTOHMHEpPrMyeckoit cuctem. B npedpoHTansHoi kope Ha 14-it feHb cogepxkanne JODYK u nokasatenb
NOM®YK/OA cHmxanuch. YpoBeHb 5-TUYK u unpekc 5-TUYK/5-T'T B npedpoHTanbHOM KOpe TaK e 3HAYMTENIbHO CHUKAUCh.
3aknwoueHue. VI3MeHeHUs 06MeHa MOHOAMUHOB Pa3BMBAOTCS MOCTEMEHHO NOC/e NPeAbABAEHUS XULLHUKA, B BEHTPA/IbHOM
061aCTM NOKPbIWKK OTMEYaeTCs NOBbIEHME AKTMBHOCTM AO0DAMUHOBOM M CEPOTOHMHOBOM CUCTEM Ha 7-M AeHb nocne
npenbsaBAeHUS XULWHKKA, @ HA 14-11 AeHb CHUXEeHME UX aKTUBHOCTU B CTpMaTyMe u npedpOoHTaNbHOM Kope, OTpaxas pas-
BUTUE AEMNpPECcCMBHONOAOOHbIX COCTOSAHUI M NOCTTPAaBMATUMUYECKOrO CTPECCOPHOro pacCTpoiCTBa.

KnioueBble c10Ba: NCUXOreHHbIN CTPECC; XMUILHUK; LO0DaAMMUH; CEPOTOHWMH; ME30KOPTUKANbHAs CUCTEMA; CTPUATYM.

BACKGROUND

The study of the consequences of the influence
of extreme environmental factors on the body is of
great medical and biological importance [4]. Stress
factors cause mobilization of body systems, which
is accompanied by the release of adrenaline, nor-
epinephrine, and corticosteroids from the adrenal
glands. The stress response under the influence of
environmental factors (stressors) can cause both
protective and damaging effects, which are mani-
fested by a shift in various systems and indicators,
including the metabolism of brain monoamines [11].
The reactivity to the action of stressors is associated
with the activities of the dopaminergic, noradren-
ergic, and serotonergic systems of the brain [2].
The brain structures that are highly sensitive to
stress factors include the mesocortical dopaminergic
system, prefrontal cortex, ventral tegmental area,
and striatum, which belong to the nigrostriatal do-
paminergic system [13]. One of the most adequate
models of acute psychogenic effects on animals is
the situation of the death of a partner upon the
presentation of a predator [3]. Despite publications
on the analysis of the effects of acute mental stress
on the functioning of the neurochemical systems in
the central nervous system, there is a clear lack of
research on the dynamics of changes in the levels
and metabolism of monoamines in stress-reactive
dopaminergic structures of the brain. Thus, a com-
parative study of the time evolution of the effects
of acute mental stress on the levels and metabolism
of monoamines in the structures of the mesocortical
and nigrostriatal dopaminergic systems of the brain
is desirable.

The study aimed to perform a comparative analy-
sis of the levels of dopamine (DA), serotonin (5-HT),
and their metabolites in the prefrontal cortex, stria-
tum, and ventral tegmental area in rats on days
3, 7, and 14 after the acute psychogenic effect of
the death of a partner upon the presentation of a
predator.

MATERIALS AND METHODS

The study used 28 male Wistar rats obtained
from the nursery of laboratory animals Rappolovo
(Leningrad region). The animals were kept under
vivarium conditions in four standard cages in groups
of seven with free access to water and food under
artificial 12-h illumination from 8.00 to 20.00 at
a temperature of 22 +2°C. All experiments were
conducted in accordance with the Geneva Conven-
tion “International Guiding Principles for Biomedi-
cal Research Involving Animals” (Geneva, 1990),
Declaration of Helsinki 2000, and GLP protocol on
the humane treatment of animals (Directive of the
European Community No. 2010/63/EC), with the
approval of the ethics committee of the Institute of
Experimental Medicine. The experiment was started
no earlier than 3 weeks after the arrival of rats
from the nursery.

The rats kept in cage 1 were not exposed to
stress and were used as controls (n =7). Animals
kept in three cages (n=21) were subjected to an
acute single psychotraumatic situation. To do this,
all rats were simultaneously placed in a terrarium
(1.2 x 0.7 x 1 m) with a black-tailed python. After
one animal died as a result of satisfying its nutri-
tional needs, the remaining rats were taken from
the terrarium and randomly assigned to three li-
ving cages [3]. On days 3 (n=6), 7 (n=7), and
14 (n=7) after the presentation of the predator,
the rats were decapitated. Euthanasia of control
animals was performed similarly. From the coronal
sections of the brain, the prefrontal cortex, stria-
tum, and ventral tegmental area were isolated on
ice. Rat brain samples were frozen and stored until
chromatographic analysis at —80°C. Brain samples
were homogenized in 0.1 N HCI solution and cen-
trifuged at 14,000 g for 15 min. The levels of DA,
dihydroxyphenylacetic acid (DOPAC), homovanil-
lic acid (HVA), 5-HT, and hydroxyindoleacetic acid
(5-HIAA) were determined by high-performance lig-
uid chromatography with electrochemical detection
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using a Beckman Coulter chromatographic system
with an amperometric detector LC4C (BAS). A Phe-
nomenex analytical column (4.6 x 250.0 mm) with
a SphereClone ODS(2) sorbent was loaded with
20 pL of the brain sample supernatant. The level of
monoamines and their metabolites was measured at
a potential of +0.70 V. The mobile phase contained
5.5 mM citrate-phosphate buffer, 0.7 mM octane-
sulfonic acid, 0.5 mM EDTA, and 8% acetonitrile
(pH 3.0). The flow rate of the mobile phase was
1 mL/min. The level of monoamines and their me-
tabolites in brain structures was expressed in ng/mg
of tissue.

Data obtained were analyzed using the Graph-
Pad PRISM 6.0 statistical software package. Dif-
ferences in the rates of monoamine metabolism in
brain structures were assessed using one-way analy-
sis of variance using the Bonferroni correction for

multiple comparisons. Differences were considered
significant at p <0.05. Data are presented as the
arithmetic mean =+ standard error of the arithmetic
mean.

RESULTS AND DISCUSSION

In this study, we analyzed the levels of DA,
5-HT, and their metabolites (DOPAC, HVA, and
5-HIAA) in brain structures on days 3, 7, and 14
after predator presentation, by high-performance
liquid chromatography with electrochemical detec-
tion. In rats, significant changes were registered
in the prefrontal cortex only on day 14 after the
presentation of a predator compared with control
(intact) animals (Figs. 1 and 2). No significant dif-
ferences were noted in the first 2 weeks after the
presentation of a predator. The level of DOPAC
on day 14 after the predator presentation decreased
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Fig. 1. Content of dopamine (DA) and its metabolite DOPAC in the prefrontal cortex rats on 3, 7 and 14 days after exposure
to predator. *p < 0.05 - significantly different from control group; #p < 0.05 - parameter is significantly different
between rats on 7 and 14 days after stress
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Ha 3, 7 u 14-i gHu nocne npeabaeaeHUs XUIHKUKA. “p < 0,05 — pocToBepHble OTIMYMA MO CPABHEHUIO C KOHTPOJIbHOM rpynmnoi;
#p < 0,05 — nokasarenb AOCTOBEPHO OTIMUAETCA MEXKAY rpynnamMu Kpbic 7-ro u 14-ro gHA nocne CTpeccopHOro BO3AenCTBUS
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Fig. 2. Content of serotonin (5-HT) and its metabolite 5-HIAA in the prefrontal cortex rats on 3, 7 and 14 days after exposure

to predator. *p < 0.05, **p < 0.01 - significantly different from control group; #p < 0.05 - parameter is significantly
different between rats on 7 and 14 days after stress
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Fig. 3. Content of dopamine and its metabolite DOPAC in the striatum rats on 3, 7 and 14 days after exposure to predator.
##p < 0.01 - parameter is significantly different between rats on 7 and 14 days after stress
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Fig. 4. Content of dopamine (DA) and its metabolite DOPAC in the ventral tegmental area rats on 3, 7 and 14 days after exposure
to predator. *p < 0.05 - significantly different from control group
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from 1.54+0.31 to 0.52+0.18 ng/mg of tissue
(p <0.05) compared with the values measured in
control rats. Moreover, the level of DOPAC in the
prefrontal cortex on day 14 after the predator pre-
sentation was significantly lower than the values
measured 7 days after the stress exposure (p < 0.05).
The DOPAC/DA index also decreased only on day 14
after the predator was presented compared with
the control animals, namely, from 3.73 £1.21 to
1.10 £ 0.33 (p <0.05) (Fig. 1). The 5-HIAA level
decreased from 17.29 = 1.68 to 12.70 £ 1.08 ng/mg
of tissue (p <0.05) compared with the values mea-
sured in control rats. Furthermore, the 5-HIAA level
in the prefrontal cortex on day 14 after the preda-
tor presentation was significantly lower than the
values measured on day 7 after the stress expo-
sure (p <0.05). Compared with the index in con-
trol animals, the 5-HIAA/5-HT index also decreased
on day 14 after the predator was presented, from
6.75+0.77 to 3.70 £ 0.28 (p < 0.01) (Fig. 2). More-
over, the 5-HIAA/5-HT ratio in the prefrontal cor-

tex on day 14 after the predator presentation was
significantly lower than the values measured 7 days
after the stress exposure (p < 0.05).

Compared with the control animals, significant
changes in the rat striatum were registered only on
day 14 after the presentation of the predator. In the
first 2 weeks after predator presentation, no signifi-
cant differences were noted. The DOPAC/DA ratio
decreased from 1.11 £0.22 to 0.71 £ 0.05 (p < 0.01)
compared with values measured 7 days after stress
exposure (Fig. 3).

In the ventral tegmental area, significant changes
were registered on day 7 after the predator pre-
sentation in comparison with the control animals
(Fig. 4, 5). In week 1 after the predator presen-
tation, no significant differences were noted, just
as no differences were registered on day 14 af-
ter the stress exposure. The DOPAC/DA ratio in-
creased from 1.52 £0.25 to 2.22 £ 0.22 (p <0.05)
on day 7 after the predator presentation, compared
with the values measured in control rats (Fig. 4).

@ llegmarp. 2021.T. 12. Boin. 6 / Pediatrician (St. Petersburg). 2021;12(6)

ISSN 2079-7850



ORIGINAL STUDIES / OPUTUHANBHBIE CTATbU 39

15 5-HT / 5-IT 55 - 5-HIAA / 5-TUYK 159 5-HIAA/5-HT / 5-TUYK/5-TT

'§ ::‘f 50 4 * 5

. . ~F 10 1

§ 10 § 1 § % }’—}/}\i

5 . {—_}\‘}/* g 401 £3 5

< B <2

E E 35 T <>"

[ = 0 = 30 0
Control / 3 days/ 7 days/ 14 days/ Control / 3 days/ 7 days/ 14 days/ Control / 3 days/ 7 days/ 14 days/
Kowtpons 3 gHa 7 oHelt 14 pHeit Koutponb 3 oHA 7 gHelt 14 nneii Koutponb 3 gHA 7 oHelt 14 gneid

After exposure to predator / Mocne xuuwHuka

Fig. 5. Content of serotonin and its metabolite 5-HIAA in the ventral tegmental area rats on 3, 7 and 14 days after exposure
to predator. *p < 0.05 - significantly different from control group
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The 5-HIAA level on day 7 after the predator presen-
tation increased from 39.1 + 1.6 to 45.7 £ 2.2 ng/mg
of tissue (p < 0.05) compared with the values mea-
sured in control rats (Fig. 5).

The HVA levels in the studied brain structures in
control and experimental animals on days 3, 7, and
14 after acute stress were not different. No signifi-
cant differences were found in the HVA/DA ratio.

Thus, this study shows changes in the levels of
monoamines and their metabolites in the mesocorti-
cal (ventral tegmental area, and prefrontal cortex)
and nigrostriatal (striatum) dopaminergic systems of
the brain only on days 7 and 14 after the predator
presentation. This proves that these changes after
acute stress develop gradually. Post-stress changes
were registered in the ventral tegmental area on day
7 and in the striatum and prefrontal cortex on day
14 after the stress exposure. Thus, stress affects
earlier the state of monoaminergic systems in the
brainstem, where the bodies of the corresponding
neurons are localized. The increase in DOPAC/DA
ratio and an increase in the level of the 5-HT me-
tabolite 5-HIAA in the ventral tegmental area re-
flect an increase in the activity of the dopaminergic
and serotonergic systems. By contrast, in stressed
rats, DA metabolism in the prefrontal cortex and
striatum decreased. In addition, indicators of 5-HT
metabolism (5-HIAA level and 5-HIAA/5-HT ratio)
also significantly decreased in the prefrontal cortex.
Thus, changes in the activity of monoaminergic sys-
tems in the brainstem and forebrain structures were
opposite, as it increased in the ventral tegmental
area, whereas it decreased in the striatum and pre-
frontal cortex.

The reactions of the dopaminergic system of the
brain are of interest, first, because it participates
in the genesis of human psychopathological states,

which are known to be aggravated after stress.
Mesocortical and mesolimbic DA pathways from the
ventral tegmental area to the telencephalon are in-
volved in the mechanisms of memory and emotion.
Dopaminergic cells of the substantia nigra are also
projected into the striatum and form the nigrostriatal
system, which is involved in the organization of
motor reactions. A study reported that the meso-
cortical dopaminergic system is more sensitive to
stress than the nigrostriatal system [5]. The results
of our experiments ascertain these data, showing
that the peak of delayed stress-induced changes oc-
curs in an earlier period of the experiment (7 days)
in the midbrain region than in the structures of the
forebrain (14 days). Under conditions of space-re-
striction stress, an initial increase in mesolimbic DA
release was followed by its decrease, suggesting that
repeated exposure to the same stressor leads to the
inhibition rather than the activation of dopaminergic
neurons [9]. Mice with knockout of the DA trans-
porter (DAT) gene, which had high levels of ex-
tracellular DA, were highly reactive in response to
novelty stress compared with control animals [15].
Since DOPAC is formed under the influence of
monoamine oxidase, an enzyme localized intracel-
lularly, the level of this metabolite may indicate the
intensity of DA reuptake. Therefore, the post-stress
changes in DA metabolism revealed are possibly as-
sociated with changes in DAT activity. Social damage
in the alien-resident test in male rats leads to a de-
crease in DAT in the striatum [9], which is consistent
with our results on a decrease in the DOPAC/DA
ratio on day 14 after stress exposure. In the li-
terature, stress changes not only DA metabolism
but also the state of receptors for this mediator.
In the model of psychosocial stress in shrews, the
count of D1 receptors in the striatum and prefrontal
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cortex increased [12]. The above changes in DAT
and DA receptors indicate a stress-induced disorder
in DA release. A decrease in DA release, may also
cause anhedonia and a decrease in motivation in de-
pression [14]. The data obtained in this study are
also largely consistent with the data on the level
and metabolism of monoamines after acute mental
stress, particularly electrocutaneous stimulation in
rats. In stressed rats, DA resynthesis was ahead of
its release [1]. Possibly, this may have provided the
delayed effects noted in the present work on day 14
after the stress exposure in the structures of the ni-
grostriatal and mesocortical systems of the rat brain.

Changes in serotonergic neurons are known to
underlie depressive disorders. The most widely used
antidepressants serve as 5-HT reuptake inhibitors
and increase its extracellular level [6]. The action
of these drugs are noted only after 7-14 days, in
accordance with the delayed changes in the me-
tabolism of 5-HT in our studies. 5-HT is known
to regulate mood, and its receptors become targets
for several psychotropic drugs [6]. Rhesus monkeys
with a short sequence of the 5-HT reuptake trans-
porter allele have a low concentration of 5-HIAA
in the cerebrospinal fluid. This is consistent with
the statement that low 5-HT levels in the brain,
corresponding to a decrease in the activity of the
serotonergic system, impair emotionality. Moreover,
people with a high level of expression of the 5-HT
breakdown enzyme monoamine oxidase-A (MAO-A)
are less likely to develop post-traumatic stress dis-
orders [7]. According to the literature, stress ex-
posure increases the concentration of 5-HT and its
metabolites in some brain regions. In addition, stress
causes changes in brain areas that serve as targets
for serotonergic neurons. Space-restriction stress
caused an increase in 5-HT metabolism and reduced
the activity of 5-HT1A receptors in rat hippocam-
pus, which the present authors explain by a stress-
dependent increase in the level of glucocorticoids
that regulate the transcription of many genes [8].
Repeated forced swimming caused an increase in
5-HT levels in the rat striatum [10]. However, ac-
cording to our data, the delayed effects of stress
on the serotonergic system in the striatum include a
change in the concentration of not the mediator itself
but its metabolite, 5-HIAA, which may be associated
with an increase in 5-HT transporter activity. This
assumption requires direct experimental verification.

CONCLUSION

In this study, changes in the levels of mono-
amines and their metabolites in the prefrontal cor-
tex, striatum, and ventral region of the tegmental

area were registered on days 7 and 14 after the
predator presentation. On day 3 after stress expo-
sure, no significant changes in the parameters of the
metabolism of the studied mediators were found.
This proves that changes in the state of monoami-
nergic systems after the presentation of a predator
develop gradually, reflecting the delayed develop-
ment of a depressive-like state.

In the ventral tegmental area, an increase in
DA activity and 5-HT systems was observed on
day 7 after the stress exposure. Opposite and later
changes were noted in the striatum and prefrontal
cortex, namely, a decrease in the activity of the
DA and 5-HT systems on day 14 after the predator
presentation. The effect of acute predator presenta-
tion stress on the state of monoaminergic systems
is possibly associated with the course of an initial
adaptive reaction, characterized by the activation of
brainstem structures, and subsequent disadaptation,
namely, a decrease in the activity of telencephalon
structures, revealing the development of post-trau-
matic stress disorder.
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