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AHHOTALMA

WNHCynbT ABNAETCA OOHUM U3 BaXKHEWLUMX COLMANbHO 3HaYMMbIX 3aboneBaHuid. CornacHo faHHbIM BceMupHoi opraHu-
3allMM 30paBOOXPaAHEHMA, OH 3aHMMaeT BTOPOe MECTo cpeam bonesHew, NpUBOLALLMX K NeTabHbIM ucxogam [1]. Uccne-
L0BaHWe MONEKYNSAPHBIX MEXaHW3MOB MaToreHesa AaHHOro 3aboneBaHMA NO3BONAWT pa3paboTatb IGPEeKTUBHbIE CNoCobbI
NpeaoTBPaLLEHMA PasBUTUS MHCYNbTa WM Tepanuu, No3BossOLEeN MUHMMU3MPOBaTL €ro HeraTMBHbIE nociencTsus. He-
CMOTPA Ha 06Mne 3KCNepUMeHTaNbHbIX AaHHBIX, H0NbLIAA YacTb MX NONY4eHa KOCBEHHBIM METOAAMU, B TO BPEMA KaK UC-
cnefjoBaHue AUHAMMKM 6MOXMMUYECKMX NapaMeTpoB B TKaHAX MOMIOBHOrO MO3ra B PEMMME peanibHOro BPEMEHW B OCTPOM
(ase MLIEMMYECKOTO MHCYNbTa 3aTpyAHEHbI. cnonb30BaHMe reHeTUYecKU KOQMPYEMBIX CEHCOPOB OTKPbIBAaeT HOBbIE BO3-
MOKHOCTU AN PErUCTPaLMKU U3MEHEHUIA Pa3NIMYHbIX BUOXMMMYECKMX U METabONMYECKMX NapaMeTpOB B TKaHsAX in Vivo.

B HacTosiLLeM MccneoBaHUM NPOBOAMAM U3Y4eHWE U3MeHeHWs pH, reHepaLuu nepeKkMcK Bogopoaa Kak 0fHoro 13 buo-
NOrnMyecKku 3HaumMmblx BuaoB AOK, cuHTesa nonncynsGpuaoB B pasnnyHbIX TMNax KNETOK TKaHel Mo3ra Kpbic SHR npu pas-
BUTWM ULLIEMMYECKOrO MHCY/bTa B PEXKMME peanbHoro BpeMeHu npuy noMoluy ceHcopoB SypHer3s (netekuma pH), HyPer7
(netekuma H202) u Perslc (neTekuma nonucynb¢uaos). MweMmnyeckuin MHCYNLT MOLENMPOBANU MyTeM OKKMIO3MK CPeaHen
MO3r0oBOM apTepuun. PerncTpaumio CUrHanoB CEHCOPOB in vivo NPOBOAMAM NPYU MOMOLLM OMTOBOJIOKOHHOW YCTaHOBKM, CO-
bpaHHOM B NabopaTopum CNEKTPOCKOMUM U HENIMHEMHON onTUKK MTY.

B pe3ynbrate npoBeEHHbIX MCCNeA0BaHMIA bbIN0 NOKa3aHo, YTO B OCTPOM (ase MHCY/bTa B LUTONNa3Me HEVPOHOB XBOCTa-
TOr0 Apa — 3MULEHTPa ULWeMUM — MPOUCXOAMI0 pasBUTHe aumgosa, npyuyeM 3HadeHue pH nsMenanock ot 7,25+0,08
po 6,7+0,15 B nepBble CekyHAbl OT Ha4ana oKKN3uK apTepuu. locne pe3koro nageHns Habnioganu NocTeneHHoe NoBbl-
LeHWe 3HayYeHWA pH, KoTopoe NpoaosKanoch 1 Bo BpeMa penepdy3vn, ofHaKo BoccTaHoBneHue pH fo ncxopHoro 3Have-
HWUS NPOUCXOAMIO He Y BCEX MMBOTHbIX. B 06n1acTu 30HbI neHyM6pbI Habnopanu BoNHO06pa3Hoe U3MEHEHWE CUrHana CeH-
COpa, B KTO BPEMA KaK B 340pOBOM MOJYLWIAPMM CUMHaN CEHCOopa He M3MeHANcs. MccneoBaHne AMHAMUKKM 06pa3oBaHuA
H202 B MaTpuKce MUTOXOHZPUI HEMPOHOB XBOCTATOr0 AApPa MoKa3ano, YTo B 0CTPOM dase MHCYNbTa NPOMCXOAUT He3Ha-
UnTENbHOE OKWCIIEHWE CEHCOpa KaK BO BPEM ULLEMUM, TaK M Npu penepdy3nu, uto CBUAETENbCTBYET 0 cnaboi npoayKuum
AOK. OgHako cnycTa 24 Yaca nocne NpoBeAeHWA onepaLmm pervcTpyupoBani CyLLeCTBEHHOE MOBbILIEHWE CUrHana CeHcopa.
TakuM o6pasoM, 6biN0 NOATBEPHKOEHO Pa3BUTME OKUCTIMTENBHOMO CTpecca B 60/IbHOM NoNyLIapuu, 0AHaKo AMHAMUKa ero
Pa3BUTMA OKa3anacb OTIMYHOM OT 06LLENPUHATON TOUKU 3peHMA. PaHee cuMTanock, YTO MMEHHO B OCTPOM ¢ase Npoucxo-
AT Ype3MepHan npofykums H202, npuBogALLan K OKUCAUTENBHOMY CTPECCY M CBA3AHHOM C 3TUM rnbenbio KNETOK Mo3ra.
CpaBHeHMe OMHaMUKK MPOLYKLMU NEepeKncU BOLOPOAa B HEMPOHAX M acTpoLuTax BbISIBUO Pasfnumna Mexay sTUMM no-
nynAumAMK Knetok. OKasanoch, YTo yKe yepe3 12 yacoB mocne OKKMIO3WMM CPedHel MO3roBoW apTepum CUrHan CeHcopa
B aCTpOLMTax HapacTan MHTEHCMBHEe, YeM B HeMpOoHax. [laHHasA TeHeHLMA CoXpaHAnach BMIOTb 40 OKOHYaHUA M3MepEHMIA
uepe3 40 yacos nocne onepauuu. NMogobHble pasnuumnsa MoryT BbiTb CBA3aHbI KaK C 3aLLMTHOWM QYHKLMEN TNIMANbHBIX Kie-
TOK, NPefoTBpaLLalLLMX NOBPEXaloLLEe AENCTBUE NEPEKMCH BOJOPOLA Ha HEMPOHBI M CMOCOBCTBYHOLLMX NOLAEpHKaHUIo
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CTPYKTYpPbI MU ENMHA B FOMIOBHOM MO3re, TaK W C POjiblo aCTPOLIMTOB B pa3BUTUM HeMpoBoCNaneHuA. V13secTHo, 4To noMMMo
aKTVBHbIX GOPM KMCNOPOAA B Pa3BMTMM NATONOMMYECKMX NPOLIECCOB TaKe CYLLeCTBEHHYIO POJib UIPaloT aKTUBHbIE GOPMbI
cepbl. M3Mepenue curnana cencopa Perslc, feTekTvpytoLero nossnexHue nonucynbGpuaos 1 nepcynbGuaoB, He BbIABUIO
Pa3NNYMA Meay XBOCTaTbIM AAPOM 3[0POBOr0 MOMYLIAPMA U NOMYLIAPMA C 04aroM pa3BUTUA MHCYNbTa. OfHaKo oTaenb-
HbIii MHTEpeC NpeacTaBnAeT 30Ha NeHyMOpbI, YUUTbIBAA BOMHBI aLMA03a, KOTOpble Mbl Habnlo[ann ¢ NOMOLLbI0 CEHCOpa
SypHer3s, Mbl npegnonaraem, YTo 0HM MOryT BbITb CBA3aHbI KaK C PacnpoCTPaHAIOLLENCA fenonApu3aLmen n U3MeHeHneM
KOHLIEHTpaLMK KanbLyA, TaK 1 C pa3BUTMEM HelpoBOCManeHns, YTo B CBOIO 04epefib MOMET NPUBOAUTL K CUHTE3Y NOSU-
cynbGUAoB, ABNAIOLLMXCA MOLYNATOPAMM BOCMANUTENbHbIX PEaKLU.

TaknMM 06pa3oM, nosyyeHHble HaMK [aHHble CYLLEeCTBEHHO AOMOJHAKT UMEIOLLMIACA Ny MHPOpPMaLMK 0 MeTabonnyeckux
W3MeHEeHMAX, NPOTEKaloLLMX BO BPEMA Pa3BUTMA ULLEMWUYECKOr0 NOBPEKAEHNA MO3ra.

KnioyeBbie cnoBa: MLLEMUYECKUIA UHCYNBT; FEHETUYECKM KOAMPYEMbIE CEHCOPbI; OMTOBOMIOKOHHAA CMEKTPOCKOMNMS; aK-
TUBHblE HOPMbI KUCNIOPOAaA U Cepbl; HeMpOHbI; acTpoLuTbI; pH.
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ABSTRACT

Stroke is a significant and socially insidious disease that ranks second among fatal diseases according to the World
Health Organization [1]. Understanding the molecular mechanisms behind the pathogenesis of this ailment will enable
the development of more effective preventative measures and treatment strategies to minimize the negative consequences
of stroke. Despite the abundance of experimental data, most of which were acquired indirectly, the study of the dynamics
of biochemical parameters in brain tissue in real time during the acute phase of ischemic stroke is difficult. The use
of genetically-encoded sensors creates novel possibilities for monitoring alterations in different biochemical and metabolic
parameters in vivo tissues.

In this study, we evaluated pH changes, hydrogen peroxide production (an important type of biologically active R0S), and
polysulfide synthesis in various types of brain tissue cells of SHR rats during the development of ischemic stroke in real
time using sensors such as SypHer3s (for pH detection), HyPer7 (for H202 detection), and Perslc (for polysulfide detection).
Middle cerebral artery occlusion was used to simulate an ischemic stroke. The in vivo sensor signals were registered with
a fiber optic setup that was created in the laboratory of spectroscopy and nonlinear optics at Moscow State University.

The studies revealed that in the acute phase of stroke, acidosis occurred in the cytoplasm of neurons in the caudate nucleus,
the epicenter of ischemia. The pH mutated from 7.25+0.08 to 6.7+0.15 within the first few seconds after arterial occlusion
initiation. A gradual increase in pH was observed after the initial drop, which persisted throughout reperfusion but did
not return to the original value in all animals. In the penumbra zone, a wave-like shift in sensor signal was detected,
whereas no change in sensor signal was noted in the healthy hemisphere. Investigation of the dynamics of H202 formation
in the mitochondrial matrix of caudate neurons revealed minimal sensor oxidation during ischemia/reperfusion in the acute
phase of stroke, indicating low ROS production. Nevertheless, a substantial increase in the sensor signal was detected after
24 hours following the surgery. Thus, the confirmation of oxidative stress development in the affected hemisphere differed
from the commonly accepted view in terms of its dynamics. Previously, it was believed that excessive production of H202
leading to oxidative stress and related brain cell death occurred primarily in the acute phase. However, a comparison
of hydrogen peroxide production dynamics in neurons and astrocytes revealed differences between these cell populations.
It was discovered that as early as 12 hours after middle cerebral artery occlusion, the sensor signal in astrocytes increased
more intensely than in neurons. This trend persisted until the end of the measurements, 40 hours after surgery. The observed
distinctions may stem from glial cells’ protective function in counteracting the harmful consequences of hydrogen peroxide
on neurons, along with their contribution to maintaining the myelin structure in the brain. Additionally, the role of astrocytes in
neuroinflammation development is noteworthy. Reactive sulfur species, in addition to reactive oxygen species, appear to be
significant contributors to the development of pathological processes. The Perslc sensor signal measurement did not show
any disparities between the caudate nucleus of the healthy hemisphere and the hemisphere affected by stroke development
in terms of polysulfide and persulfide appearance detection. However, the area surrounding the core infarction is noteworthy
due to the observed bouts of acidosis using the SypHer3s sensor. Our findings suggest a potential association between
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these bouts, spreading depolarization, changes in calcium concentration, and the development of neuroinflammation. These
reactions may ultimately lead to the synthesis of polysulfides, known modulators of inflammatory reactions.

Thus, our data provides valuable additions to the existing knowledge on metabolic changes that take place during
the progression of ischemic brain injury.

Keywords: ischemic stroke; genetically encoded sensors; fiber optic spectroscopy; reactive oxygen and sulfur forms;
neurons; astrocytes; pH.
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