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ABSTRACT

BACKGROUND: Factors that can trigger episodes of hinge (compulsive) eating include psychological and physical stress.
Our studies have shown that maternal deprivation in early ontogenesis leads to an increase in elements of gambling
addiction in the lowa Gambling Task test. This raises the question of the role of maternal deprivation in the development
of other types of non-chemical addictions, particularly food addiction.

AIM: To study the role of ghrelin in the manifestation of food addiction elements in rats subjected to maternal deprivation
in early ontogenesis.

MATERIALS AND METHODS: Wistar rats were separated from their mothers for 180 minutes daily from day 2 to day
12 after birth. Male rats aged 90-100 days were used in the experiments. To induce compulsive overeating, the animals
were given a high-carbohydrate diet (a mixture based on chocolate paste) for 1 hour every third day for 1.5 months.
Fifteen minutes before feeding, the chocolate paste was placed within 5 cm of the rat’s reach with visual contact.
After compulsive overeating was established, the number and area of ghrelin-producing neuroendocrine cells in the
hypothalamus were analyzed using immunohistochemistry in intact rats and animals subjected to maternal deprivation
stress.

RESULTS: It was shown that intermittent consumption of the chocolate mixture predicted overeating in rats, independent
of weight gain or obesity, as a result of compulsive overeating. In studying the effect of maternal deprivation on chocolate
consumption, it was found that the average daily consumption in the maternal deprivation group increased (p < 0.001)
compared to the control group. However, there was no significant difference in standard food consumption between the
maternal deprivation and control groups. The number and area of ghrelin-producing neuroendocrine cells in the lateral
portion of the medial arcuate nucleus of the hypothalamus were reduced in rats after maternal deprivation.
CONCLUSIONS: It was concluded that early psychogenic stress from maternal deprivation causes a dysregulation of the
ghrelin system, contributing to elements of food addiction in rats.
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BnusHue counanbHoro ctpecca B paHHeM OHTOreHese
Ha nposB/ieHUe NULLEBOX 3aBUCMMOCTU U COpepXKaHue
rpenuHa B runotasaMyce Kpbic
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AHHOTALNA

AxTtyanbHocTb. QaKTopbl, KOTOpblE MOTYT BbI3bIBaTb 3MNM30Abl KOMMYNbCUBHOIO (MPMCTYNoobpasHoro) nepeesaHus, BKIo-
YaloT MCUXMYECKUEe U BM3MYeCKUe cTpecchl. B Halmx uccnefoBaHMsAX MOKa3aHo, YTO MaTepuHCKas AenpuBaLMs B paHHEM
OHTOreHe3e BbI3bIBAET MOBLILLEHWE 3/1EMEHTOB UrPOBOIA 3aBUcMMOCTY B TecTe lowa Gambling Task. BosHukaet Bompoc o 3Ha-
YeHUM MaTepPUHCKOI fenpuBaumn B GOpMMPOBaHUW APYruX BULOB HEXMMUYECKMX 3aBUCUMOCTEN, B YAaCTHOCTH, MULLLEBOM.
Lienb — uccnepoBaHue ponu rpefiHa B NpOSIBIIEHUN 3/IEMEHTOB MULLEBOI 3aBUCMMOCTM Y KPbIC, MOABEPKEHHBIX OTITYHEHMIO
OT MaTepu B paHHEM OHTOreHe3e.

Matepuanbl u Metoapl. Kpbic nmHuM Buctap co 2-ro no 12-i geHb nocne poxaenust Ha 180 MuH oTnyyanm oT Matepw,
B OMbITax ucnosb3oBanm camuoB B Bo3pacte 90—100 gHeit. lMpy BbipaboTKe KOMNYNBLCMBHOTO NepeeaHns XUBOTHbIE NOJTY-
Yanu B TeyeHue 14 AMETY C BbICOKUM COLEPIKAHUEM YrIEBOLOB (CMECh Ha OCHOBE LUIOKOIa[HOM NacTbl) KaX bl TPETUIA AeHb
B TeueHune 1,5 Mec. 3a 15 MUH [10 KOpPMNIEHUS LLOKONAAHYK NacTy NOMELLanu B 5 CM A0CAraeMoCTU MpuW BM3YaslbHOM KOH-
TakTe. [ocne BbIpaboTKM NULLEBOrO KOMNYNBLCUBHOMO NepeefaHns UCCeL0BanM KONMMYECTBO, MOLLaAb rpeuH-NpoayLmpy-
IOLLMX HEPO3HAOKPUHHBIX KIETOK rMnoTanaMyca ¢ NoMOLLbI0 MeToa UMMYHOTUCTOXMMUM Y MHTaKTHBIX KPbIC U UBOTHBIX
nocne CTpecca MaTepUHCKON LenpuBaLyuy.

Pe3ynbTartbl. [lokasaHo, 4To npepbIBUCTOE NOTPEbNEHME LLOKOMAHOM CMecH NpeACcKa3biBaeT NepeefiaHue Y KpbiC He3aBUCH-
MO OT YBESIMYEHNUA MACChl TeNa UM 0XXMPEHUS, YTO ABNAETCA CNeACTBUMEM KOMNYNAbCUBHOMO (NpuUcTynoobpasHoro) nepeesa-
Hus. Tpn n3yyeHnm BAMSHUS MaTepUHCKON AenpuBaummn Ha notpebneHue Wokonafa bbino noKasaHo, 4To cpefHee CyTOYHOe
notpebneHue B rpynne MaTepuHCKON aenpusauum yBennumeanoch (p < 0,001) oTHoCMTENIbHO KOHTPOSIbHOM rpynnbl. [pn n3-
YYEHUM BAMSHUSA MaTePUHCKOM enpuBaLymm Ha noTpebneHne cTaHAApTHOTO KopMa bbinio NoKasaHo, 4To noTpebnexue B rpyn-
ne MaTepUHCKOW LenpuBaLyMv He U3MEHSANIOCh OTHOCUTENbHO KOHTPOJIBHOW Fpynmbl. YUCno W nnowwafb Hepo3HAOKPUHHBIX
KIETOK, NPOAYLMPYIOLLMX TPENKH, B NlaTepanbHOM YacTu MeAManbHOro apKyaTHOro Aapa runotanamyca CHUMAMCh Y Kpbic
nocne MaTepUHCKON AenpuBaLmu.

3akntoyeHmne. CaenaH BbIBOA, YTO PaHHWN MCUXOTeHHbINM CTPECC MaTEPUHCKON LenpuBaLyvm Bbi3blBaeT aucbanaHc cucteMbl
Perynsuuv rpesinHa ¢ aneMeHTaMm NULLEBON 3aBUCUMOCTM Y KpbIC.

KntoueBble cnoBa: nuLLeBas 3aBUCUMOCTb; MaTepuHCKaa AenpuBauuns; rpesiuH; HEVIpOBH,U,OKpI/IHHbIe KNeTKW.
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BACKGROUND

Environmental influences during early ontogenesis
have a significant impact on function in sexually mature
individuals [1]. Early psychogenic stress affects growth
processes, metabolism, inflammatory responses, acts on
neuronal proliferation, differentiation and migration [1]
and leads to post-traumatic stress disorders [2, 3].
Maternal deprivation (MD) causes long-term behavioral
and motivational disorders [4], depression, increased
anxiety and substance abuse [5]. MD causes persistent
changes in emotional reactions and addictive drug de-
pendence in animals [6, 7]. MD involves daily deprivation
(15 min to 6 h) of litters from females during the first
two weeks of life and causes profound neurochemical
and behavioral changes in offspring that are detectable
in adulthood [8].

Ghrelin was first found in the late 20th century. It con-
sists of 28 amino acids, is formed in the gastric mucosa and
in the lateral region of the arcuate nucleus of the hypothal-
amus, and enters the circulation [9]. There are three ghre-
lin isoforms from a single precursor, i.e. acylated ghrelin,
non-acylated ghrelin and obestatin, and two molecular
forms of the ghrelin receptor, i.e. GHSR1a and GHSR1b.
Only the GHSR1a receptor has biological activity [10].
The ghrelin receptors are located in the stomach, ad-
renal glands, myocardium, thyroid gland and brain —
hypothalamus, pituitary gland, hippocampus, amygdala
complex, brain stem and cortex [11]. Ghrelin is involved
in the regulation of eating behavior [12], dependence on
psychostimulants [13, 14] and alcohol [14, 15], and in
stress responses [14, 16].

Studies of non-chemical forms of addiction, such as
food addiction, are currently relevant. International clas-
sifications (ICD11 and DSM5) define food addiction as an
independent disorder, which has the main features typical
for alcohol or drug addiction [17]. Our studies showed that
the ghrelin receptor antagonist [D-LYS3]-GHRPé reduces
the signs of impulsivity (risk-taking behavior) in rats
by affecting dopamine and serotonin metabolism [18].
The involvement of neuroendocrine processes and a num-
ber of neurotransmitter systems, particularly opioids, se-
rotonin, dopamine, and hormones, in the mechanisms of
food addiction has been shown [19]. Compulsive (binge)
overeating disorder, a form of food addiction, involves
intermittent, excessive consumption of palatable food in
short periods of time, and this behavior, unlike bulimia
or anorexia nervosa, is not accompanied by compensa-
tory behavior [20]. Factors that may affect episodes of
compulsive overeating include various stressors (partial
deprivation from food and intermittent exposure to ener-
gy-rich palatable food) [19]. Previously, we showed that
higher intermittent intake of fat- and sugar-rich foods
predicts overeating in rats regardless of body weight gain
or obesity as a sign of compulsive (binge) overeating [21].

Vol. 22(3) 2024

DOl https://doiorg/10.17816/RCF631566

Reviews on Clinical Pharmacology
and Drug Therapy

The aim of the study is to investigate the effects of MD
stress in early ontogenesis on the signs of food addic-
tion and ghrelin content in the hypothalamus of sexually
mature rats.

MATERIALS AND METHODS

Experiments were performed on Wistar rats weighing
250-300 g (62 males and 10 females). The animals were
bred in the Rappolovo nursery (Tosnensky district of the
Leningrad region). Animals were kept in standard cages
(40 x 50 x 20 cm) with free access to water and pelleted
food in the vivarium of the FSBSI Institute of Experimen-
tal Medicine. Inverted light from 8:00 am to 8:00 pm at
22 + 2°C was used. The experiments were performed in
accordance with the ethical principles outlined in Direc-
tive of the European Parliament and the Council of the
European Union 2010/63/EC of September 22, 2010, ap-
proved by the Bioethics Commission of the FSBSI Insti-
tute of Experimental Medicine (Protocol No. 2/23 of June
15, 2023).

After arrival from the nursery, experimental animals
underwent a 2-week quarantine period in the vivarium
of the Institute of Experimental Medicine. Female Wis-
tar rats were kept in plastic cages (40 x 50 x 20 cm) of
5 individuals each with access to water and food
ad libitum. One male for five females was put in each
cage, the next day vaginal smears were taken from the fe-
males and examined by light microscopy. If females were
found to have spermatozoa in the proestrus stage in their
smears, that day was considered the pregnancy onset
date. After the pregnancy onset, the animals were placed
in individual cages. The gestation age was 20 + 2 days.
MD methods were used to stress the offspring.

Maternal deprivation model

From Day 2 to Day 12 of the postnatal period, the rats
were placed in individual plastic cups for 180 min for
10 consecutive days. There was no eye contact with the
mother. After MD and milk feeding, 20 rats were reared
in standard cages, containing 5 individuals each. Twenty
males aged 90-100 days and weighing 200-250 g were
used in the experiment [21].

Method of compulsive overeating of high-calorie food

Experimental groups were given access to a high-
carbohydrate diet (chocolate paste-based mixture) for 1 h
every third day. Control animals consumed only standard
pelleted rat food. The high-calorie food was a paste pre-
pared by mixing chocolate paste, ground pelleted rat food
and water in the following percentage ratio: 52 : 33 : 15.
The calorie content was 3.63 kcal/g. Standard pelleted
rat food was placed inside a metal mesh container that
was hung from the front wall of the cage; it was re-
moved from the cage to measure weight to determine
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food intake. The paste mixture was served in a cup; the
handle of the cup was inserted into the metal wall of
the cage. Fifteen minutes before giving the feeder with
chocolate paste, it was placed within 5 cm of the ani-
mals’ reach and in full visual contact. Within 15 minutes,
the cup containing chocolate paste was placed inside a
metal mesh container that was hung up on the front wall
of the cage. Under these conditions, the animals could
see the cup with the paste. During this 15-minute period,
the rats made repetitive movements of their front paws,
head, and trunk aimed at obtaining the paste, but could
not reach it. It resulted in a mild stressful condition.
After 15 minutes, the cup was placed in a cage for free
access to the rats [21]. The following day, before the
overeating session, standard rodent food present in each
cage was weighed to estimate food intake over 24 h.
Fifteen days after the start of the chocolate diet experi-
ment, the rats were segregated in single cages and con-
tinued to be fed it for another 30 days. The following pa-
rameters were recorded: amount of standard food eaten
and amount of chocolate paste eaten per 1 h of access.
The animals’ weight was recorded once a week on
a strictly scheduled day.

Immunohistochemistry

After the maze test, the animals were decapitated,
brain was extracted and fixed in 10% formalin. After stan-
dard paraffin embedding, 3 um thick frontal hypothalamic
slices were prepared in which, after immunohistochemi-
cal reaction, neuroendocrine cells producing ghrelin were
studied as part of the widest caudal part of the medial ar-
cuate nucleus of the hypothalamus containing the largest
number of neurons, 3.6 mm at the level of bregma [22].
Monoclonal mouse antibodies to GrlRG, (Cloud-Clone
Corp., PRC), diluted to 1500 pg/mL were used to identify
ghrelin granules. Secondary biotinylated antibodies were
used from the Vectastain ABC kit (USA). The antigen was
demasked by heating to 90 °C in citrate buffer (pH 5.5) for
20 min. Bound antibodies were manifested using diami-
nobenzidine solution. Morphometry was performed using
the Imagescope program (Electronic Analysis, Russia).
Morphometric parameters of ghrelin-producing neurons
were established in the left and right lateral parts of the
medial aspect of the arcuate nucleus (n = 8) with an area
of 0.01 mm?, where their greatest number was detected.
The number and area of ghrelin-producing neuroendo-
crine cells of the hypothalamus in sexually mature male
rats (&4 rats per group): intact rats and animals after MD
were studied.

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism 8.0 software package (GraphPad Software, USA).
The distribution of the studied parameters was tested for
normality by the Kolmogorov-Smirnov test. One-factor
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ANOVA analysis of variance was used to analyze the
morphological and PCR data. Bonferroni test was used
for pairwise comparison of group mean values in post-
hoc analysis. Differences were considered significant
at p < 0.05. Data in the figures are presented as mean
values and standard error of the mean.

STUDY FINDINGS

The study of the effect of MD on the consumption
of chocolate mixture showed that the mean daily con-
sumption over 10 days of the experiment was increased
(p < 0.001) in this group compared to the control. During
the study of the effects of MD on the intake of standard
food, it was noted that the mean daily intake over 10 days
of testing in this group did not differ from the control
(Figure 1).

Neuroendocrine cells containing ghrelin granules
were detected in the lateral part of the medial arcuate
nucleus of the hypothalamus. Part of the neuronal bodies
of the arcuate nucleus of the hypothalamus and neuroglia
cells were ghrelin-negative (Figure 2). Immunopositive
peptide granules were also seen separately and in small
groups within the outgrowths, apparently in axons, of
endocrine cells. The number and body area of hypotha-
lamic ghrelin-producing cells decreased in rats after MD
(Figure 3).

DISCUSSION

The term “food addiction” is used to describe com-
pulsive eating behavior associated with loss of control
over food [1, 2]. Eating behavior can be regulated by both
homeostatic (related to energy need/storage) and hedonic
pathways (dopaminergic brain reward system) that con-
trol energy intake and body weight [10].

In the present study, compulsive (binge) overeating
was produced using the method of overeating high-calo-
rie food. Episodes of overeating were induced after using
intermittent exposure to a carbohydrate and fat source in
a restricted access compulsive overeating model. Chronic
MD stress was shown to cause increased signs of com-
pulsive overeating of high-calorie food [21].

Chronic MD stress in animals is a model of maternal
neglect in humans. Analysis of data from an experimental
model of MD in early ontogenesis proves a significant
influence of stress on the formation of compulsive over-
eating [21]. Early mental stresses have long-term effects
on development and socialization in children and ado-
lescents, and on the risk of eating disorders and binge-
eating. During adolescence, hormonal restructuring,
imbalance of excitation and inhibition processes occur,
when the important role of neurochemical intracerebral
processes in the formation of compulsive overeating be-
comes critical [2].
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Fig. 1. The effect of maternal deprivation on the
average daily consumption of standard food and
chocolate paste under intermittent chocolate pro-
vision. **p < 0.001 compared to the control group
of animals

Puc. 1. BnuaHue maTepuHcKoW penpuBaummn Ha cpep-
Hee CyToYHoe noTpebrieHne CTaHAAPTHOO KOpMa U LUo-
KONafHoW nacTbl NpW Bblfaye LIOKONazZa B NpepbiBu-
cToM pexuMe. **p < 0,001 oTHOCMTENIBHO KOHTPOJIbHOM
TPYNMbl JKMBOTHBIX

Fig. 2. Ghrelin-producing neuroendocrine cells in the lateral portion of
the medial arcuate nucleus of the hypothalamus under various types
of stress: a, the examined area of the arcuate nucleus with a surface area
of 0.01 mm?, Nissl staining; b, immunohistochemical detection of ghrelin
granules in the control group; c, d, under maternal deprivation. G, ghrelin-
producing neurons
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Fig. 3. The number (a) and area (b) of ghrelin-producing nturoendocrine cells (per 0.01 mm?) of the lateral portion of the medial arcuate
nucleus of the hypothalamus in rats after maternal deprivation; *p < 0.01 compared to the control group of animals

Puc. 3. Konnuectso () 1 nnowazs (b) rpenH-npoayumpyioLmnx Heiipo3HAOKPUHHbIX KNeTok (Ha nnowwaau 0,01 MM2) B naTepanbHoii yacti
Me[IManbHOTo OTAEeNa apKyaTHOro sipa runoTanamyca y Kpbic nocne MaTepuHckon genpusaum, *p < 0,01 0THOCUTENBHO KOHTPOMBHOI

rpynnbl XXMBOTHbIX

Experimental modeling of a number of its symptoms
provides opportunities for direct study of the neurochem-
ical mechanisms of compulsive overeating. The experi-
ment showed involvement of neuroendocrine processes
and a number of neurotransmitter systems, particularly
on its formation. Opioid, dopamine, and serotonin sys-
tems were shown to be involved in the formation of posi-
tive emotions in compulsive overeating [23]. In addition to
these main mediators, the ghrelin system is also involved
in the mechanisms of compulsive overeating, as was
shown in the present study. Ghrelin acts primarily in the
hypothalamus and stimulates eating behavior aimed at

DOl https://doiorg/10.17816/RCF631566

regulating energy homeostasis [24]. Previously, our stud-
ies showed activation of eating behavior and weight gain
in rats reared under the chronic stress in isolation [25].
The significance of ghrelin signaling in brain regions out-
side the hypothalamus is in its effects on learning and
memory, reward and motivation, anxiety and depression.
Possible targets of ghrelin action during stress appear to
be corticoliberin-producing (CRH) neurons of the para-
ventricular nucleus of the hypothalamus. Administration
of ghrelin was shown to activate these neurons [24].
The target of ghrelin action under stress also appears
to be the extended amygdala system, which includes the




314

OP/MHATIBHBIE MCCIEIOBAHMA

bed nucleus of the terminal striatum, the central nucle-
us of the amygdala, the nerveless substance, and the
contiguous nucleus shell, being the extrahypothalamic
CRH system [26]. Structures of the extended amygdala
receive inputs from dopaminergic neurons of the ven-
tral tegmental area and constitute the main functional
system for the realization of emotional-motivational ef-
fects of various drugs. Blockade of CRH in the central
nucleus of the amygdala, the bed nucleus of the termi-
nal striatum, and the contiguous nucleus eliminates or
significantly reduces the activating effects of addictive
drugs [27].

Possible targets of ghrelin action in response to
chronic stress appear to be neurons of the paraven-
tricular nucleus of the hypothalamus [24], where a high
concentration of corticoliberin is noted [28]. Ghrelin re-
ceptors have been found in the paraventricular nucleus.
Ghrelin administration increased the concentration of
c-FOS-protein in corticoliberin-containing neurons of the
paraventricular nucleus and caused activation of the hy-
pothalamic-pituitary-adrenal (HPA) system [28]. Ghrelin
is also found in other brain structures: the bed nucleus of
the terminal striatum, the central nucleus of the amyg-
dala complex, the prefrontal cortex, the locus coeruleus,
and the medulla oblongata [26]. The target of ghrelin ac-
tion under stress also appears to be the extended amyg-
dala system, which includes the central nucleus of the
amygdala, the bed nucleus of the terminal striatum, the
nerveless substance, the prefrontal cortex, and is the ex-
trahypothalamic corticoliberin system [29]. Structures of
the extended amygdala receive inputs from dopaminergic
neurons of the ventral tegmental area of the midbrain and
constitute the main functional system for the realization
of emotional-motivational effects of various drugs [29].
Blockade of corticoliberin neurotransmission in the cen-
tral nucleus of the amygdala, the bed nucleus of the ter-
minal striatum, and the contiguous nucleus eliminates
or significantly reduces the activating effects of addic-
tive drugs [30]. Structures of the extended amygdala ap-
pear to be important for the realization of reinforcement
mechanisms [27]. The central nucleus of the amygdala
and the bed nucleus of the terminal striatum were shown
to have a regulatory effect on the hypothalamus. Psycho-
genic stress causes activation of pathways in the pre-
frontal cortex, the bed nucleus of the terminal striatum,
the amygdala, and then in corticoliberin-containing neu-
rons and the hypothalamic paraventricular nucleus [27].
Ghrelin administration induces spiking activity in corti-
coliberin-containing neurons, increases the amount of
GHSR1 RNA in the hypothalamic paraventricular nucleus,
and increases serum corticosterone levels in rodents.
Ghrelin can have an effect on corticoliberin-containing
neurons through other neurochemical systems: orexin,
neuropeptide Y, and monoaminergic neurons possessing
ghrelin receptors [31].
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MD has traditionally been used to describe the effects
of early experience on HPA system activity [21]. Periodic
MD is a powerful social chronic stressor that can acti-
vate the HPA response in rats in the hyporesponsiveness
period during the first 2 weeks after birth [21]. MD can
alter neuroendocrine and neurotransmitter responses to
stressors and, with repeated exposure, lead to long-term
increases in HPA axis reactivity, anxiety, depression, and
substance abuse in adulthood [21]. The blood ghrelin
concentration was shown to increase with MD stress [32]
and isolation rearing after breastfeeding, which is also
traditionally used to study the effect of early experience
and social deprivation stress factor on the HPA system
[33-35].

Ghrelin has been observed to be synthesized by en-
docrinocytes of the gastric mucosa (mainly) and in the
lateral part of the arcuate nucleus of the hypothalamus
[36]. In the present study, we confirmed the presence of
ghrelin-containing cells in the lateral part of the arcu-
ate nucleus of the hypothalamus (Figure 2). The num-
ber and area of viable hypothalamic ghrelin-producing
nonendocrine cells were decreased in rats after chronic
stresses of MD or rearing in social isolation. We have
previously studied the effect of acute psychoemotional
stress on the ghrelin system. Presentation of rats to a
predator (python) resulted in a significant 8- to 12-fold
decrease in the desacylghrelin level in the amygdala and
hypothalamus compared to intact rats [36]. The decrease
in desacylghrelin level after acute vital stress may sug-
gest that the ghrelin system is involved in a unified stress
system at the cellular level [37].

CONCLUSION

Thus, the study shows that chronic MD stresses in
early ontogenesis cause elements of food dependence in
animals. The number and body size of ghrelin-producing
neurons in the lateral part of the medial area of the arcu-
ate nucleus of the hypothalamus were decreased in rats
after MD.

It can be concluded that early psychogenic stress of
MD causes an imbalance of the ghrelin regulatory system
with elements of food addiction in rats.
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