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[ToctrpaBmaTuunuii crpecoBuil posnan (IITCP) — 1e XpoHIUHUI TCUXIYHUN
po3iaj, 110 BUHUKAE BHACIIJOK BIUIMBY TPaBMAaTUYHHUX CTPECOBUX UYUHHHKIB 1
CYNPOBO/IKYETBCS CTIMKMMHU TIOPYIICHHSIMU €MOIIHHOTO CTaHy, IOBEIIHKOBUX
peakiiii Ta xkorHiTuBHUX (PyHKIiH. [ITCP € mommpenum poznagom 61u3bko 3,9%
HACEJICHHSI CBITY MEPEXWUIM LW po3iaj, a 3arajoM IIaHC HOro pPO3BUTKY MicCis
NEepeKMBaHHS TPABMATHYHOI MOJIi CTAaHOBUTH 3a PI3HUMHU JaHUMHU Omu3bko 10%.
[ITCP € cepilo3HOIO MEIUKO-COIIAIbHOIO TPOOJIEMOI0, 30KpeMa cepes; ocib, sKi
3a3HaIM HACWIbCTBA, TEXHOTEHHUX KaTtacTpod, OoioBux i abo0 1HIIMX
CKCTpEeMaIbHUX TTOJTIH.

Jns BuBueHHs mnatodizionoriyaux ocHoB I[ITCP mmpoko 3acTOCOBYIOTHCS
TBAPUHHI MOJEII, U0 JO3BOJSIOTH BIATBOPIOBATH PI3HI TN CTPECOBUX YMHHHKIB 1
JOCIIJKYBAaTH I1XHIM BIUIMB Ha TOBEIIHKOBI peakilii, HEHPOOIOJIOTI4YHI MPOIIECH,
3amajeHHs] Ta OKCHIATUBHUN CTpec. Y TaKWX MOJENIX BHUKOPUCTOBYIOTH pi3HI
cTpecopu (Pi3UYHOI, TCHUXOJOTIYHOI Ta KOMOIHOBAaHOI MNPUPOAH, SKI IMITYIOThb
TpaBMaTUYHUMN JOCBI/I.

Bongnouac, He3Bakaroum Ha 3HAYHY KUIBKICTh  €KCIIEPUMEHTaJIbHUX
JociKeHb, MexaHi3Mu po3BUTKy [ITCP 3anumaroTecsi HEIOCTaTHBO 3’ ICOBAaHUMHM.
30kpeMa, J10ci He TOBHICTIO JIOCIIIKEHO, K1 caMe 010XIMIYHI Ta IMOBEIIHKOBI 3MIHU
IHAYKYIOTbCS TPAaBMaTUYHUMH YMHHUKAMHU Pi3HOI MPUPOIH, a TAKOXK SKUM YAHOM ITi
3MIHHU 3aJIeXKaTh BiJl TUILY, IHTEHCUBHOCTI Ta 4acy CTPECOBOTO BILIUBY.

Hucepraliisi NOpHUCBAYEHA BUBYEHHIO TOBEIIHKOBUX, OIOXIMIYHMX Ta

MOJIEKYJIIPHO-010I0T1YHUX 3MiH, SIKI BUHUKAIOTh y MHIIICH T11]] BIUTHBOM PI3HUX THUIIIB
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CTPECOBUX UYMHHHKIB, Ji AKuX iMiTye po3BuTok cumnrTomiB IITCP. 3 ormsiay Ha
3poctanHs nomupeHocti [ITCP BHaciigok 30UIBIICHHS KIIBKOCTI €KCTpEeMallbHUX
MOJIIM, TaKUX SK BIWHU, MaHAEMIi Ta COIiaJIbHI KPU3H, BUBUCHHS MEXaHI3MIB I[LOTO
posinany HaOyBa€e 0COOIMBOI aKTyaIbHOCTI.

MeTtoro pobGoTr OyJI0 TOCTIAUTH B3a€EMO3B’SI30K MK OKCUJATUBHUM CTPECOM,
3aMajIbHUMHM  TIPOIIECaMU  Ta TOBEAIHKOBUMHU 3MIHAMU Yy MHIIAYUX MOJEISIX
MOCTTPAaBMAaTUYHOI'O CTPECOBOIO PO3JIa1y, IHAYKOBAHOTO PI3HUMH TUITAMH CTPECOBUX
YUHHUKIB.

st mopenmtoBanus [ITCP 3actocoByBanu HU3KY CTPECOPIB: TPUBAILY COLIATIBHY
13071111110 (5 MICSIIIB), IMOOUTI3AII0 (2 TOAUHU, TOCTPUM CTPEC), CIEKTPOCTUMYJISIIIIO
CTOIH, 3BYK XMKaKa Ta OJHOPA30BUI TPUBAJIMU CTpEC, SIKHUW BKIIOYAB KOMOIHAIIIO
3HEpYyXOMJIEHHS (2 TOJIMHN) Ta MPUMYCOBOTO T1aBaHHs (10 XBUIMH), MICIIS SIKUX MHUIII
NiJJaBajliCh BIUIMBY JMETHIOBOTO edipy 40 BTpaTtd cBimoMocTi. Muiei
€BTaHa3yBaJId uepe3 JBa Micdami Tmicas aii crpecy. IloBeminkoBi Ta OloXiMiuHI
MOKa3HUKHU OLIHIOBAJIM Y MUILIEH uepe3 KOPOTKi (2 THXHI) Ta TpuBaii (0 5 MICAIIIB)
1HTEpBaJIM MICJs BIUIMBY cTpecopy. KomiuiekcHui miixig AaB 3MOTy MpoaHaili3zyBaTu
JIOBrOTPUBAJI HACHIKH il Pi3HUX CTPECOBUX YMHHHKIB 3 BPaXyBaHHSIM BIKOBUX Ta
CTaTeBUX 0COOJIMBOCTEN TBAPHUH.

[ToBeniHKOBI TMOPYIIEHHS Yy MHUIIEH OIIHIOBAIM 3a JIOMIOMOTOI0 TECTY
BIJIKPDUTOTO TIOJISI, MIAHECEHOTO TUTIOC JTa0IpUHTY, TECTy Ha IepeBary caxapo3u Ta
TECTy CIOHTAHHOTO 4YepryBaHHS B T-maOipuHTI. BloXiMI4HI aHANI3M OXOIUIIOBAIH
BU3HAYCHHS AKTUBHOCTI AHTUOKCUJAAHTHUX dbepmeHTIB (karanasu,
CYNEPOKCUIUCMYTa3H, TJIIOTATIOHTIEPOKCH Ia3u TOIIO), PIBHIB MEPOKCHU/IIB JIMIAIB, a
TAaKOX MapKepiB 3amajeHHs y KpoBi, NeYiHIi Ta MO3Ky. OKpiM TOro, BHU3HaAuYaiu
aktuBHICT, mapaokconasu (IIOH) Tta wienonepokcumazu (MIIO) Ta piBeHb
intepuerikiny-13 (IJI-1B) y kposi. JlomatkoBo 3actocoByBaiu wmetoau I1JIP y
peabHOMY Yaci JIJIsl aHaAI3y eKCITPECii TeHiB, SKi OB’ sA3aH1 31 CTPECOM, 3alaJICHHSIM 1
PEIOKC-TOMEOCTa30M y KOp1 TOJIOBHOTO MO3KY.

Ha nepmomy etani gociiikeHHs: OyJi0 TPOaHai30BaHO JAOBrOTpUBalll €(eKTH

(b13UYHMX, COIIATBHUX 1 ICUXOJOTIYHUX CTPECOPIB, 30KpEMa 3HEPYXOMIICHHS, BIUTUBY
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3BYKY XHKaKa Ta COIIAJIbHOI 130711111, 3 OIIHKOIO HACTIAKIB y BiJiJIajieH] TePMIHU (110
5 wicsni). IlokazaHo, 1m0 HAWOLIBIT BUpPaKEH1 IMOBEAIHKOBI 3MIHM, MOMIOHI 0
CHUMIITOMIB MTOCTTPAaBMaTHYHOTO CTPECOBOIO PO3aay, OpMYyIOThCS 3a Jii COIlialbHOT
130J1A1111 Ta 3BYKY XIDKaKa 1 TMPOSIBISIOTHCS 3HMKCHHSIM JIOCIITHUIIBKOT aKTUBHOCTI,
M1BUIICHOIO TPUBOXKHICTIO Ta YHUKHEHHSIM BIAKPUTUX MPOCTOPIB.

BcranoBneno, 1o 11 3MIHM CYHPOBOJIKYIOTHCS aKTHBAII€I0 3amaibHOI
BiAMOBIAI (3poctanHs piBHA [JI-1B), 3MiHaMu reMaToJOTIYHMX TOKAa3HUKIB Ta
MPUTHIYCHHSM aHTHOKCHIAHTHOT CHCTEMH, 110 TTPOSIBISIETHCS 3HUKEHHSIM aKTUBHOCTI
Bi/INoBiIHUX PepmeHTiB y kpoBi (MIIO, ITOH). Ilpu nuboMy XpOHIUYHUN COIIAIbHUIMA
CTpEC BUKIIUKA€E OUIbII BUPAXKEH] IMyHH1 3pYILLEHHS MOPIBHSIHO 3 TOCTPUMH BITUBAMH,
TOAl AK YCl THUIOU CTPECOPIB CYIPOBOKYIOTHCA 3HHKEHHSM PEAOKC-TIOTEHIaTy
OpraHi3My Ta O3HaKaMH OKCHUJATUBHOTO cTpecy. OKpiM TOro MOKa3aHO M0 y KOpi
TOJIOBHOTO MO3KY YOJHOI PI3HHULI y AKTUBHOCTI (PEPMEHTIB AHTHOKCHUIAHTHOIO
3aXMCTy Ta KUIBKOCT1 IEPOKCHUIIB JIII/IB BUSBICHO HE 0yJi0. AHaJI3 eKCIpecii reHiB
y KOpi royioBHOro Mo3ky meroaom [IJIP y peampHOMY yaci mokasaB, 110 CTPECOBI
BIJIMBU CYNPOBOXKYIOTHCS CIIELM(PIYHUMH 3MIHAMU TPAHCKPUITIB I'€HIB, OB’ A3aHUX
13 PEeryJIAII€0 CTPECOBOI BIAIMOBIII, 3aMaJeHHs Ta MeTaboJ13My. 30KpeMa, BUSBJICHO
nigsumenHs piBHIB MPHK reniB SGK1, PPARGCI1A ta SHANKI, ski 3amydeni g0
TJIFOKOKOPTUKOIHOI CHUTHAJI3AIlll Ta EHEPreTMYHOro MeTafoii3My, a TaKoX
30upIeHHs excnpecii FKBP5S 3a ymMoB xpoHniuHOTO comianbHoro crpecy. BomHodac
CIOCTEPIranocs 3HWKEHHS €KCIIpecli TeHIB, MOB A3aHUX 3 IMyHHOIO BIAMOBIAJIIO Ta
neTokcuKaiiitHumu nporecamu, 30kpema CCL2 1 CYP1ALl. Otpumani gaHi CBiT4aTh,
0 CTpeC 1HAYKY€ AOBrOTpHMBAIlI 3MIHM TPAHCKPUILIAHOI pEryJsiii, MOB’s3aHl 3
aKTHBAIII€I0 TIFOKOKOPTHUKOII-3aJIEKHUX MEXaHI3MIB Ta epeOy/10BOI0 METa00IIUHUX
1 3aMaJIbHUX TIPOIIECIB Y MO3KY.

Ha napyromy erarmi poGOTH IOCTIIKEHO BIKOB1 Ta CTaTE€Bl OCOOJUBOCTI BILUIUBY
OJTHOPA30BOTO TPUBAJIOTO CTPECYy HA TIOBEIIHKOBI, T€MAaToOJOTiyHI Ta O10XIMIYHI
noka3Huku y muiei. [TokazaHo, 1mo peaxiiisi Ha CTPEC CYTTEBO 3aJICKUTh Bij BIKY Ta
CTaTl TBAPUH: MOJIO/I CaMIll IGMOHCTPYIOTh BUPAXKEHY TPUBOKHY MOBEIIHKY, TOJI K

y MOJIOJUX CaMOK 1 CTapuxX cCaMIliB OUIBIIO MIpOI TOPYIIYIOTHCS KOTHITHBHI
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dbyHKI1, 30KkpeMa naMm’aTb. OTpUMaHi1 pe3yJIbTaTH CBiIYaTh Mpo AudepeHIiioBaHy
YYTJIUBICTh MOBEAIHKOBMX 1 METAa0ONIYHHUX CHUCTEM JO CTpecy, ILI0 BHU3HAYae
BapiabenpHicTh NposiBiB [ITCP-moxiOnux craniB. lle Bkazye Ha iCHyBaHHS Pi3HUX
MEXaHI3MIB HEMpOOI10JIOTIYHOT ajamnTaiii 10 CTpecy, SKl 3ajexaTh BiJ BIKOBUX Ta
CTaTEeBHX OCOOIMBOCTEN OpraHi3My 1 MOXKYTh BU3HAUaTH 1HAWBIIyaJIbHy YyTIUBICTH
10 po3BuTKy [ITCP-noniOHux craHiB.

Ha tperbomy erami poOOTH BUBUEHO ITOBEIIHKOBI Ta MeTaOoOdi4yHI edexTu
CTpecy, IHAYKOBAHOTO EJIECKTPUYHOIO CTUMYJISIIIEI0, IKOI TBAPUHU MOTJIM YHUKHYTH.
[le#i excrepuMEHT MPOBOJMBCS 3a HACTYNMHUM IMpoTokojom: Ha 0 Ta 1 nHI
€KCIIEPUMEHTY MHIII MNIJAaBaIUCh YyJapaMm Jial EJIEKTPUYHUM CTPYMOM, SIKI
nepenaBaInch Yepe3 MiIKII0YeHY 10 TeHepaTopa eNeKTPHYHUX CTHUMYJIIB METalIeBY
cityacty mijgjory. Cuna ctpymy craHoBuwia 0.8 MA, TpuBamicTe Npoueaypu 3
aJlanTalien MUIIEH 10 KIITKM CTaHOBWIA 8 XBUIUH. KiabKicTh yaapiB ctpymoMm 15,
TPUBAJICTh Ta IHTEPBAIU MUK yaapamu ctaHoBuWiIM 10 cexynna. OkpiM TOro kamepa
Oyna obyagHaHa JBOMA IMapajesibHO PO3TAIIOBAaHUMU 130JIALIIMHUMY TIAaHKAMU JIJIs
HaJaHHS MHIIAM MOJKJIMBOCTI YHUKHCHHS YaCTHHH CTUMYIiB. BcTaHOBiIEHO, IO
HAaBITh KOPOTKOYACHU BILIMB TAaKOT'O CTPECOpa MPU3BOAUTH JJO HE3HAYHHUX MOPYIICHb
METa0OJIIYHOTO TOMEOCTa3y, 30KpeMa 3MiH PIBHIB TJIIOKO3M, TPUALMITIILEPOIIB 1
OllKa, SIKI CYHMPOBOJKYIOTBCS PO3BUTKOM IMOBEIIHKOBUX TMopyuieHb. [Ipore 1
MOPYIICHHS HE HACTUTBKHU CUIILHO BUPAXKEH] SIK IPU HEKOHTPOJIHOBAHUX CTPECAX, TOMY
MO>KHA 3pOOUTH BUCHOBOK, 1110 MOKJIUBICTh YHUKAHHS CTPECY IMMO3UTHBHO BIUIMBAE HA
3arajbHUM CTaH OpPTraHi3My.

Takum unHOM, nporectoBaHi mojeni [ITCP y mumieil mokasyloTh HE JMILIE
MOBEIIHKOBI, a W TIMOOKI MeTaOodi4yHI Ta MOJEKYJspHI nopyueHHs. OTpuMani
pe3ynbTaTH CBiAYaTh, MO KIIOUOBY poib y dopmyBanHl [ITCP-mogi6Hux craHiB
BIJIITpa€ B3a€EMOJIS MK OKCHUIAATUBHHM CTPECOM 1 3alaJIbHUMHU TIpoliecamu, sKi
MOXXYTh B3a€MHO MOTEHIIIIOBATH OJWH OAHOTO. BUsBIECHI 3MiHM MarOTh CHCTEMHHUN
XapakTep 1 OXOIUIIOIOTHh AK Nepu(epuyHi TKAHWHHU, TaK 1 IEHTPAJIbHY HEPBOBY
cucremy. Pe3ynbraTté poOOTH MiATBEPIKYIOTh BAXKJIMBY POJb MOPYIIECHHS pPEAOKC-

romeoctady y mnarorenesi IITCP Ta MOXyTb CIyryBaTu OCHOBOIO JUISI MOAQJIBUINX
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JTOCHIKEeHb MEXaH13MIB HEHPOMPOTEKIlli Ta ajanTallli opraHiaMy 10 Jii CTPECOBHUX
YUHHUKIB.

Kniouosi cnosa: moctrrpaBMatnunuii crpecoBuit posznan (IITCP), mwumii,
MOBEIHKOBI TECTH, TPUBOXKHICTh, 3aMaJIeHHs, OKCUIATUBHUI CTpeC, aHTUOKCHUJIAHTHI
dbepMeHTH, EKCIIpecis TeHIB, TOJIOBHUNM MO30K, CHEPTeTUIHUN MeTabo0i3M, 010XiMis
KpOBi, F€MaToJIOT1sl, KapOOH1JIbHI IPYyMH O1JIKIB, BIATIOBIIb HAa CTPEC, CTATEB1 Ta BIKOBI
BIJMIHHOCTI.

ANNOTATION

Balatskyi V.A. The relationship between oxidative stress and inflammation in a
mouse model of post-traumatic stress disorder. — Qualification scientific work on the
rights of the manuscript.

Thesis for the degree of Doctor of Philosophy in the specialty 091 Biology. —
Vasyl Stefanyk Carpathian National University, Ministry of Education and Science of
Ukraine, Ivano-Frankivsk, 2026.

Post-traumatic stress disorder (PTSD) is a chronic mental disorder that arises as
a result of exposure to traumatic stressors and is accompanied by persistent
disturbances in emotional state, behavioral reactions, and cognitive functions. PTSD is
a common disorder; approximately 3.9% of the world’s population has experienced it,
and overall, the likelihood of developing it after experiencing a traumatic event is
approximately 10%, according to various sources. PTSD is a serious medical and social
problem, particularly among individuals who have experienced violence, man-made
disasters, combat, or other extreme events.

Animal models are widely used to study the pathophysiological basis of PTSD,
as they allow for the recreation of various types of stressors and the investigation of
their impact on behavioral responses, neurobiological processes, inflammation, and
oxidative stress. These models employ various physical, psychological, and combined
stressors that mimic traumatic experiences.

At the same time, despite a significant number of experimental studies, the

mechanisms underlying PTSD development remain poorly understood. In particular, it
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has not yet been fully investigated which specific biochemical and behavioral changes
are induced by traumatic factors of various types, nor how these changes depend on
the type, intensity, and duration of the stressor.

This dissertation is dedicated to studying the behavioral, biochemical, and
molecular biological changes that occur in mice under the influence of various types
of stressors, the effects of which mimic the development of PTSD symptoms. Given
the rising prevalence of PTSD due to an increase in extreme events such as wars,
pandemics, and social crises, studying the mechanisms of this disorder is of particular
relevance.

The aim of this study was to investigate the relationship between oxidative
stress, inflammatory processes, and behavioral changes in mouse models of post-
traumatic stress disorder induced by various types of stressors.

To model PTSD, a series of stressors were applied: prolonged social isolation (5
months), immobilization (2 hours, acute stress), foot electrostimulation, predator
sounds, and a single prolonged stressor involving a combination of immobilization (2
hours) and forced swimming (10 minutes), after which the mice were exposed to
diethyl ether until loss of consciousness. The mice were euthanized two months after
the stressor was applied. Behavioral and biochemical parameters were assessed in the
mice at short (2 weeks) and long (up to 5 months) intervals following stressor exposure.
This comprehensive approach allowed us to analyze the long-term effects of various
stressors, taking into account the animals’ age and sex.

Behavioral abnormalities in the mice were assessed using the open-field test, the
elevated plus maze, the sucrose preference test, and the spontaneous alternation test in
the T-maze. Biochemical analyses included the determination of antioxidant enzyme
activity (catalase, superoxide dismutase, glutathione peroxidase, etc.), lipid peroxide
levels, and markers of inflammation (IL-1pB) in blood and liver. In addition, the activity
of paraoxonase (PON) and myeloperoxidase (MPO) in the blood was determined.
Furthermore, real-time PCR methods were used to analyze the expression of genes

associated with stress, inflammation, and redox homeostasis in the cerebral cortex.
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In the first phase of the study, the long-term effects of physical, social, and
psychological stressors—specifically immobilization, predator sounds, and social
isolation—were analyzed, with an assessment of the long-term consequences (up to 5
months). It was shown that the most significant behavioral changes, similar to
symptoms of post-traumatic stress disorder, develop under the influence of social
isolation and predator sounds and manifest as reduced exploratory activity, increased
anxiety, and avoidance of open spaces.

It was established that these changes are accompanied by activation of the
inflammatory response (increased IL-1p levels), changes in hematological parameters,
and suppression of the antioxidant system, manifested by a decrease in the activity of
the corresponding enzymes in the blood (MPO, PON). At the same time, chronic social
stress causes more pronounced immune shifts compared to acute stressors, while all
types of stressors are accompanied by a decrease in the body’s redox potential and
signs of oxidative stress. Furthermore, it was shown that no differences in the activity
of antioxidant defense enzymes or the levels of lipid peroxides were detected in the
cerebral cortex. Analysis of gene expression in the cerebral cortex using real-time PCR
revealed that stressors are accompanied by specific changes in the transcripts of genes
involved in the regulation of the stress response, inflammation, and metabolism. In
particular, increased levels of MRNA for the SGK1, PPARGC1A, and SHANK1 genes
— which are involved in glucocorticoid signaling and energy metabolism — were
detected, as well as increased expression of FKBP5 under conditions of chronic social
stress. At the same time, a decrease in the expression of genes associated with the
immune response and detoxification processes was observed, specifically CCL2 and
CYP1Al. The data indicate that stress induces long-term changes in transcriptional
regulation associated with the activation of glucocorticoid-dependent mechanisms and

the reorganization of metabolic and inflammatory processes in the brain.

In the second stage of the study, age- and sex-specific features of the effects of
a single prolonged stressor on behavioral, hematological, and biochemical parameters

in mice were investigated. It was shown that the stress response significantly depends
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on the age and sex of the animals: young males exhibit pronounced anxiety-like
behavior, whereas in young females and older males, cognitive functions, particularly
memory, are more severely impaired. The results indicate a differentiated sensitivity
of behavioral and metabolic systems to stress, which accounts for the variability in the
manifestations of PTSD-like states. This points to the existence of different
mechanisms of neurobiological adaptation to stress, which depend on the organism’s
age- and sex-specific characteristics and may determine individual susceptibility to the
development of PTSD-like states.

In the third stage of the study, we examined the behavioral and metabolic effects
of stress induced by electrical stimulation, which the animals could avoid. This
experiment was conducted according to the following protocol: on days 0 and 1 of the
experiment, the mice were subjected to electric shocks to their paws, which were
transmitted through a metal mesh floor connected to an electrical stimulus generator.
The current strength was 0.8 mA, and the duration of the procedure, including the
mice’s adaptation to the cage, was 8 minutes. The number of electric shocks was 15,
with a duration and interval of 10 seconds between shocks. Additionally, the chamber
was equipped with two parallel insulating bars to allow the mice to avoid some of the
stimuli. It was found that even brief exposure to such a stressor leads to minor
disturbances in metabolic homeostasis, specifically changes in glucose, triacylglycerol,
and protein levels, which are accompanied by the development of behavioral
disturbances. However, these disturbances are not as pronounced as in uncontrolled
stress conditions, so it can be concluded that the ability to avoid stress has a positive
effect on the overall condition of the organism.

Thus, the tested PTSD models in mice reveal not only behavioral but also
profound metabolic and molecular disturbances. The results indicate that the
interaction between oxidative stress and inflammatory processes, which can mutually
potentiate each other, plays a key role in the development of PTSD-like states. The
identified changes are systemic in nature and affect both peripheral tissues and the
central nervous system. The results of this study confirm the important role of redox

homeostasis disruption in the pathogenesis of PTSD and may serve as a basis for
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further research into the mechanisms of neuroprotection and the body’s adaptation to
stressors.

Keywords: post-traumatic stress disorder (PTSD), mice, behavioral tests,
anxiety, inflammation, oxidative stress, antioxidant enzymes, gene expression, brain,
energy metabolism, blood biochemistry, hematology, protein carbonyl groups, stress

response, sex and age differences.
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