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Pe3rome

IeJb McceAOBAaHUA — BBIIBUTH MOP(OJIOTHYECKHe IPU3HAKY OBPEK IeHIA TOJI0OBHOTO MO3Ta yMep-
mux ot COVID-19.

MarepuaJt 1 MeToAsbl. [IpoBes aHaIN3 TPOTOKOJIOB BCKPBITUH 1 ayTOIICUMHOT0 MaTepuaJsa FoJI0BHOTO
Mo3ra 17 yMepIImnx ManueHToB ¢ TPUKU3HEHHO MOATBepsKkaeHHo nHpekimeir COVID-19. B uccnenoBanue
BRJIIOYUJIN CJTy9au JIeTaJIbHOTO UCX0A1a, B KOTopbIix COVID-19 siBUIach OCHOBHOI IPUYMHON cMepTH. VY 5 ye-
JIOBEK AMArHOCTUPOBAIN HH(APKT rOJIOBHOTO Mo3ra. KycouKu opraHos JjIfg T’HCTOJIOTMYEeCKOT0 UCCIe10-
BaHUA U3BIMAJIU B XOJIe 1aTOJIOT0AHATOMUYECKOT0 HCCIef0BaHUA. []JId BBISBJIEHUA MOP(OIOrHTYecKuX us-
MeHeHU! roJIOBHOTO MO3ra Cpe3bl OKpAIINBAJINA reMaTOKCUJIMHOM U 903MHOM U 10 MeToxy Huccna. s
HCCJIEJOBAHUS COCTOSTHUSI Oa3albHBIX MeMOpaH cocyqoB mpuMeHnsiin [IINK-peakiiuio, 1151 BbISIBIAEHUs PUO-
pHHA B COCyJaX UCIIOIb30BAIN OKPACKy reMaTokcuinHoM PT.A H. dochoBosib(hpaMOBBIM KUCTBIM, [1J151 BBI-
sisnenusi IHK B simpax cpe3nl OkparmmBaiu o Peabreny, AJis1 BeisiBiaeHus PHK B siipax v MUTOIIa3Me He-
POHOB Cpe3bl KpAaCHUJIN METUJIOBBIM 3€JIEHBIM TUPOHUHOM. I[JIH OIICHKU MMOBPEMXACHUA HeﬁpOHOB IMpOBOAUIN
uMMyHorucroxummieckoe (MI'X) nccienoBanme HeipoHAIbHOTO MapKkepa — sifepHoro 6esmka NeuN.

Pe3ybTaThl. BEIABUIN IPU3HAKU MOBPEKJEeHNA HeHPOHOB y yMepmux oT COVID-19, 3ak/Io4aromuecs
B HecneIu(pUueCcKIX N3MeHeHN X HEPBHBIX KJIETOK (0CTpoe HabyxaHue, IepBUYHOE pa3ipaskeHune, Kapuo-
IUTOJIN3, KIETKU-TEHU, HEHPOHO(Marusi v caTTeINTO3) U MPU3HAKAX HAPYIIIeHUsI KPOBOOOpaIieHus1 (epu-
BAaCKY/IAPHBIN U MTepULle/UTIONAPHBIN OTeK, Auamnefe3Hble KPOBOU3IUSHNUS, CTAa3bl, IOJTHOKPOBHE COCY0B
MUKPOLUPKYJIATOPHOr'O PyCJIa).

3axkiouenne. MopdoJsioruueckre U3MeHeHU s TOJIOBHOT'O MO3Ta CBUJIETE/ILCTBYIOT O IOBPEsKAEHUU
LIEHTPaIbHON HepBHOH cucTeMbl y 00/1bHBIX COVID-19. imeMru4ecKUi HHCY/BT y manueHToB ¢ COVID-19
BO MHOTOM OOYCJIOBJIEH COYeTaHUeM T'HIIOKCUHU, Pa3BUBAIOIIeNcs BCIeACTBIE AbIXaTeIbHON HeJ0CTaTou-
HOCTH, U CYIIECTBYIOIINX Y 60JIBbHOTr0 (haKTOPOB PUCKA — aTepOCKIepP0o3a apTepuil 0CHOBAHUSA TOJIOBHOTO
MO3ra U TUIIepTOHNYeCcKoll 60/1e3HM.

Knroueente crosa: COVID-19; 20108H01L M032; HelipomponHocmb supyca SARS-CoV-2; uwmemuueckuii
uncyrom; mopghonozusi; NeuN
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Summary

The aim of the study was to identify the pathomorphology of brain damage in patients who died of COVID-19.

Material and methods. Autopsy reports and autopsy brain material of 17 deceased patients with pre-
mortem confirmed COVID-19 infection were analyzed. Fatal cases in which COVID-19 was the major cause of
death were included in the study. Five people were diagnosed with cerebral infarction. Organ samples were
taken for histological examination during autopsy. Sections were stained with hematoxylin and eosin and by
Nissl to assess brain histopathology. To study the vascular basal membranes the PAS reaction was used, to de-
tect fibrin in vessels phosphotungstic acid-hematoxylin (PTAH) staining was used, to determine DNA in nuclei
sections were stained according to Feulgen, to detect RNA in neuronal nuclei and cytoplasm sections were
stained with methyl green-pyronin. Inmunohistochemical study of a neuronal marker, nuclear protein NeuN,
was performed to assess neuronal damage.

Results. The signs of neuronal damage found in patients who died of COVID-19 included nonspecific
changes of nerve cells (acute swelling, retrograde degeneration, karyolysis and cytolysis, ‘ghost' cells, neu-
ronophagia and satellitosis) and signs of circulatory disorders (perivascular and pericellular edema, diapedesis,

congested and engorged microvasculature).

Conclusion. Brain histopathological data indicate damage to the central nervous system in COVID-19 pa-
tients. Ischemic stroke in patients with COVID-19 is mostly caused by a combination of hypoxia resulting from
respiratory failure and individual risk factors, including cerebrovascular atherosclerosis and hypertension.

Keywords: COVID-19; brain; neurotropic action of SARS-CoV-2 virus; ischemic stroke; morphology; NeuN
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BBenenune

HoBast koponaBupycHast uagekiwst (COVID-19)
MpeJCTaBJsIET COOOM cephe3HYI0 MPOoOaeMY IJIs
3apaBooxpaHeHus. Ilo cocTosiHHUIO Ha ampesb
2021 roma ¢ Hayasa maHgeMuu BcemupHoit opra-
HU3alrel 3[paBooXpaHeHnsI 3aperuCTPUPOBAHO
OKO0JIO 3 MJTH CMepTel oT HOBOI KOpOHaBUPYCHOMU
uH@erMy, BbI3BaHHOU BUpycoM SARS-CoV-2 [1].

Moposornueckue nccieJOBaHUA BHYTPEH-
HUX OpPraHoB NanueHToB, ymepiuux or COVID-19,
BBIABJIAIOT IPHU3HAKK HapyIIIeHUsI KpoBooOparlie-
HUSA, TIOBpPEKJIEeHNs JIETKUX, XapaKTepHble I
OCTPOTO PECIMPATOPHOI0 AUCTPECC-CUHIPOMA, a
Tak)Kke Heclelu(pUUecKre MOBPEKIeHUs BHYT-
pPEHHUX OPraHos [2, 3].

Hecmotps Ha mpeo6J1aiaHye peciupaTopHbIX
cumrnitoMoB npu COVID-19, cormacHO JaHHBIM
pPa3HbBIX HccaeqoBaHuil, y 36-69% 3ab0JieBIIHUX
HOBOY KOPOHABUPYCHOM NH(EKIINel 0TMeUaioTCs
aHOCMUSs, FOJIOBHAsA 00J1b, TOJIOBOKPY;KEHNE, CY/I0-
pOTH, OCTpBIe HAapyIIIeHUsI MO3TOBOT0 KPOBOOOpa-
I[eHusi, YTO IIoipa3yMeBaeT BEPOATHOCTH
BOBJIEUEHUS I[eHTPaJIbHONH HEpPBHOM CUCTEMBI B
raroreHe3 HOBOU KOPOHABUPYCHON MH(eKIINN [4].

PeTpocnekTHBHOE KOTOPTHOE HCCJle/JoBaHNe
952 ciay4yaeB HIIEMUYECKOIrO0 HHCYJIBTA INpHU
COVID-19 1 952 cjiy4aeB UIIEMUYECKOI0 UHCYJIb-
Ta 6e3 COVID-19 (koHTpOJIBbHAS TPYIIIIA) TOKa3a-
Jio 6oJiee HU3KYIO BBIKUBAEMOCTD Y ITAI[UeHTOB C
uieMuyeckuMm uHcyasrom u COVID-19 (78,3%
nporus 91,0%, p<0,0001). BeposaTHOCTL 60-7HEB-

HOUM CMEPTHOCTH Obla 3HAYUTEIbHO BHIIIE JJIs

Introduction

The novel coronavirus infection (COVID-19)
is a major public health challenge worldwide. As of
April 2021, about 3 million deaths from a novel
coronavirus infection caused by SARS-CoV-2 have
been reported by the World Health Organization
since the beginning of the pandemic [1].

Morphological studies of internal organs of
patients who died from COVID-19 reveal signs of
circulatory disorders, lung damage typical for acute
respiratory distress syndrome, as well as nonspe-
cific internal organ damage [2,3].

Despite the predominance of respiratory
symptoms in COVID-19, according to various stud-
ies, anosmia, headache, dizziness, seizures, and
acute cerebrovascular accidents are observed in
36-69% of patients with the novel coronavirus in-
fection, suggesting involvement of the central nerv-
ous system in the pathogenesis of COVID-19 [4].

A retrospective cohort study of 952 ischemic
strokes in COVID-19 patients and 952 ischemic
strokes in COVID-19 free patients (control group)
showed low survivability in patients with ischemic
stroke and COVID-19 (78.3% vs 91.0%, P<0.0001).
The odds of 60-day mortality was significantly
higher for patients with ischemic stroke and
COVID-19 compared with controls (odds ratio 2.51,
95% confidence interval 1.88-3.34) [5].

It is still unclear whether the brain injury is di-
rectly caused by cytopathic effect of virus or due to
hypoxia resulting from respiratory failure and co-
agulopathy complicating the COVID-19.

GENERAL REANIMATOLOGY, 2021, 17; 3

www.reanimatology.com



https://doi.org/10.15360/1813-9779-2021-3-1-0

Clinical Studies

MAIMEeHTOB C UIIIeMUYeCKAM UHCYJIEToM 1 COVID-19
110 CPaBHEHUIO C KOHTPOJIeM [5].

Bonpoc o ToMm, sAABJIAE€TCA JIU NOBpPEKIEeHUE
TOJIOBHOTO M0O3Tra MPSAMBIM CJIEJICTBUEM ITUTOIA-
TH4YecKux 3¢p¢PeKTOB BUpyca UIU 0OYCIOBJIEH
TUNOKCHEH, BO3HUKAIOIIEH BCJIEICTBHE IbIXa-
TeJbHOU HEeJOCTATOYHOCTH, Koaryjaonaruew,
ocaoxkHsaomumu teuenue COVID-19, ocraercst
OTKPBITHIM.

Hcxonst u3 mpoBeleHHBIX Ha CEerOHAITHUN
JIeHb WCCJIeTOBAaHUM, HEeJAb3s MCKJIIOYUTL BO3-
MOSKHOCTh HENOCPEeJCTBEHHOTO MNOBPEKIEeHUS
TOJIOBHOTO MO3Ta BCJIEICTBUE HEUPOTPOITHOCTHU
Bupyca. [IpennoJsaraior, 4To CyliecTByeT ABa Iy TH
IIPOHUKHOBEHMS BHUpPYyCa B LIECHTPAJIbHYIO HEPB-
Hy!0 cucremy (LHHC):

1) perporpagHbIi aKCOHAJbHBINA IMYyTh U3
WHQUIMPOBAHHBIX 0OOHATETHHOTO WU OJTYSK-
JIAI0IIero HepBOB;

2) reMaToOreHHbIA NyTh, IPU KOTOPOM BUPYC
pacupoctpansiercs B [IHC yepes nmoBpeskieHHbIE
9HJOTeJHa/IbHbIE KJETKU TreMaroaHiedasnde-
ckoro 6apbeepa (I'9B) [6].

M3BecTHO, YTO aHTHUOTEH3WHIIPeBpAIlaio-
muit pepmenT Il Tuma (AI1P2), KOTOPBIN SABJISAET-
Cs1 OCHOBHBIM PENENTOPOM [IJIsI HPOHUKHOBEHUS
B KJIeTKy SARS-CoV-2 IpucyTCTBYeT B 9HIOTEJIN-
aJIbHBIX KJIETKAX COCYIOB MO3ra 4yesjoBeka [7, 8].
CormacHo uccaenoBanuio Paniz-Mondolfi u coasr.,
B 9HJIOTEJIMAJIbHBIX KJI€TKaX COCYLO0B 'OJIOBHOTO
Mo3ra naryenTa, ymepiiaero or COVID-19, 6611m
0oOHapy)KeHbl BUPYCHbIE YACTHIBI C ITOMOIIHIO
3JIEKTPOHHON MUKPOCKOTUM [9].

B uccnenosanuu T. P. Buzhdygan u coasr.
Ha Mukpodamougaoi 3D-monenu I'9b npone-
MOHCTPHpPOBaHa CIIOCOOHOCTH CYyObeTMHUAIIBI
S1 S-6enka koponaBupyca SARS-CoV-2 Hapy-
maTh meJqJoCTHOCTh ['9b6, a TakKke mHAynUpO-
BaTh 9KCIIPECCUIO TEHOB ITPOBOCHIAIUATETbHBIX
IUTOKWUHOB U MAaTPUYHBIX METAJNJIOIIPOTENHAS
B 9HJOTeJHAJIbHBIX KJIeTKaXx Mo3ra, 4To
TaK)Xe MOJKeT CIIOCOOCTBOBATh M3MEHEHHIO
coctosaHus ['9b [8]. B akcmepuMeHTa/JIbHOM
HCCJIeJOBAaHUM Ha MbIIIaxX Tak)ke Obljia MoKa-
3aHa BO3BMOYKHOCTh NIPOHUKHOBEHU S KOPOHa-
Bupyca uyepes ['9b. [10]

Mexanuambl mnoBpesknenus [[HC npwu
COVID-19 MoryT OBITh YTOYHEHBI B Pe3yJbTaTe
TIIATeIbHBIX MOP(OSIOTUUECKUX UCCIIeTOBAHNH,
Tak KaK IIaTOJIOTOAHAaTOMHYECKHUH aHaJaIu3
SIBJISIETCSI HEOOXOIMMBIM YCJIOBUEM JIJ1s HanboJiee
MMOJITHOTO TPEJICTaBJIeHUsI O 3aKOHOMEPHOCTIX
MaTOJIOTUYECKUX IPOIeCCOB. B HacTosIee Bpems
JlaHHBbIE 0 TAaTOMOP(GOJTOTUUECKUX UBMEHEHUSIX B
roJioBHOM Mo3re npu COVID-19 Masmoync/ieHHbl 1
He CUCTeMaTU3UPOBAHBI.

Llesb uccaenoBaHuss — BbIABUTH MOPGOJI0-
TUYeCKre NPU3HAKU IOBPEKIEHUSA TOJ0BHOTO
Moara ymepmux or COVID-19.

Based on currently available data, the possi-
bility of direct brain damage due to the neurotropic
nature of the virus cannot be ruled out. There are
two possible ways for the virus to enter the central
nervous system (CNS):

1) the retrograde axonal route from infected
olfactory or vagal nerves;

2) the hematogenous route with the virus in-
vading the CNS through damaged endothelial cells
of the blood-brain barrier (BBB) [6].

Angiotensin-converting enzyme type II
(ACE2), which is the main receptor for SARS-CoV-2
cell entry, is known to be present in vascular en-
dothelial cells of human brain [7, 8]. According to a
study by Paniz-Mondolfi et al., the viral particles
were detected in the endothelial cells of brain ar-
teries of a patient who died of COVID-19 using elec-
tron microscopy [9].

A study by T. P. Buzhdygan et al. using a 3D mi-
crofluidic model of the BBB demonstrated the abil-
ity of the S1 subunit of the Sars-CoV-2 coronavirus
protein to disrupt the BBB integrity and induce the
expression of proinflammatory cytokine and matrix
metalloproteinase genes in brain endothelial cells,
which can also promote BBB alterations [8]. An ex-
perimental murine study also showed the possibil-
ity of coronavirus crossing the BBB. [10]

The mechanisms of brain damage in COVID-19
can be clarified by meticulous morphological stud-
ies, since pathological analysis is a prerequisite for
a comprehensive understanding of disease pat-
terns. Currently, data on pathomorphological
changes in the brain in COVID-19 are scarce and
not systematized.

The aim of the study was to reveal morpholog-
ical evidence of brain damage in patients who died
from COVID-19.

Materials and Methods

We analyzed autopsy reports and autopsy brain ma-
terial of 17 patients (12 men and 5 women) who died be-
tween October 20 and November 10, 2021, with the coro-
navirus infection confirmed while alive. The study
included fatal cases in which novel coronavirus infection
(COVID-19) was the primary cause of death. In all cases,
the infection was complicated by multisegmental pneu-
monia with total/subtotal involvement of both lungs. Five
patients were diagnosed with brain infarction. Autopsy
protocols revealed evidence of chronic hypertension in
15 patients (88%), whereas cerebrovascular atherosclero-
sis in combination with hypertension was detected in 11
persons (64%). The average age of victims was 63 years
(ranging from 45 to 79 years). The hospital stay averaged
11 days (ranging from a few hours to 19 days).

Organ specimens for histological examination were
taken during autopsy in accordance with the current leg-
islation to verify the pathological diagnosis and to clarify
the cause of death. In accordance with the current guide-
lines of the Ministry of Health of the Russian Federation,
the organ specimens were fixed for 72 hours in the neu-
tral 10% formalin solution [11]. After that, the material
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KianHu4eckue UCCIEeL0OBaHUSA

MaTepnaJI H ME€TOAbI

ITpoBesnu aHAIN3 IPOTOKOJIOB BCKPBITUH U ayTO-
TICUI{HOT0 MaTepuaJjia FOJI0BHOTO MO3ra 17 manueHToB
(12 My>K4YMH U 5 KeHILIWH), yMepIINX 3a epuog, ¢ 20 OK-
TA0ps o 10 HosAGpA 2020 roja, ¢ NIPUKU3HEHHO MOJ-
TBEeP>KAEHHOM HOBOII KOPOHABUPYCHON MH(peKIuei. B
HccIeloBaHNe BRIIIOUMIIN CIy4aun JIeTaIbHOTO UCXO/a, B
KOTOPBIX HOBasi KOpoHaBUpycHas nHpekug (COVID-19)
SIBUJIAaCh OCHOBHOM NPUYMHOH cMepTH. Bo Bcex ciydasx
OCJIO}KHEHUEM OCHOBHOTO 3a00J/1eBaHUs Ob1Ia OJIHCET -
MEeHTapHasg MHEBMOHUSA C TOTAJIbHBIM/CYOTOTAIbHBIM
Topa’xeHreM 000UX JIeTKUX. Y 5 uesloBeK ObLT JuarHo-
CTUPOBaH MH(MAPKT roJIOBHOrO Mo3ra. [uneproHude-
CKOI1 60J1€3HBI0, COITIACHO IIPOTOKOJIaM IaT0J/I0r0aHaTo-
MHYECKUX UCCIEeI0BAaHNH, cTpaganu 15 yemoBek (88%
yMepIINX), aTepPOCKIEPO3 COCYIOB OCHOBAHUS TOJIOB-
HOT'O MO3Ta B COUeTAaHUU C THIIEPTOHUYECKOH 00/1e3HBIO
BBIABUJIN y 11 yesnoBek (64%). CpeHU BO3pacT ymep-
XX COCTaBUJI 63 rojia (muarasoH oT 45 1o 79 Jiet). Jliu-
TeJIbHOCTh NPeOBIBAHNA B CTAIlIOHApe COCTAaBJIAJA B
cpenqHeM 11 KOWKO-IHEH (quamasoH OT HECKOJIbKUX
4acoB 0 19 KOIMKO-THEIl).

Kycouku opraHoB JjIs THCTOJIOTHYECKOTO UCCIe-
JIOBAaHUA U3BIMAJIU B XOfle TaTOJI0T0aHATOMUYECKOT0
HCCJIEJOBAHUSA B COOTBETCTBUU C IeUCTBYIOIINM 3aKO-
HOJIaTeIbCTBOM JJ1 Bepu(UKaI[UU 1aTOJI0r0AaHATOMH-
YeCKOTO JMarHo3a M yTOUYHeHUs MIPUYUHBI CMepTU. B
COOTBETCTBUU C AEHCTBYIOIUMHI MeTOANYeCKUMU pe-
KoMeHmauuAaMu Munsapasa Pocculickoit @enepanuu
KYCOYKH OPTaHOB B 0053aTe/IbHOM MOpsAKe (PUKCUPO-
BaJIA B TeUeHME 72 4acoB B HelTpaabHOM 10% pacTBope
¢opmammna [11]. ITocse yero MarepuaJ 3aIUBaJIN B T1a-
paduH. [/ BBIABJIEHUS MOP(HOJIOrHUeCKUX U3MeHe-
HUH TOJIOBHOTO MO3Ta CPe3bl OKPAIINBAJIA FeMaTOKCH-
JAHOM " 303MHOM u 1o Merogy Hwuccaa. asa
HCCIIeJOBAHUA COCTOSTHUA 0a3aIbHbBIX MeMOpaH cocy-
noB ipuMmeHsiau HIVK-peakiuio, 1Jis1 BbIABIEHU (HUb-
pUHA B COCYAaX UCHOIb30BAJIA OKPACKY reMaTOKCUIH-
HoM PT.AH. docdoBoab(ppaMOBEIM KUCTBIM, IJA
BesABJIeHUss [JHK B agpax cpesbsl OKpallWBaId IIO
®desbreny, 014 BeisiBieHuss PHK B agpax u nuroniasme
HEeHpPOHOB Cpe3bl KPaCUJIM METUIOBBIM 3€JIeHbIM-TIH-
poruHoMm (buoButpywm, Poccus).

JIJ1s1 OLIEHKU MTOBPeXKAeHU A HeUPOHOB IIPOBOIUIIN
nMMyHoTHCcTOXuMUYeckoe (UI'X) uccaegoBanre HEMPoO-
HaJIbHOTO MapKepa — fAaepHoro 6eika NeuN. [lna
3TOro AenapadUHUUPOBAHHBIE Cpe3bl Mo3ra obpada-
ThIBaIU 3% MEPUKUCHIO BOLOPOAa B TedyeHne 10 MUHyT
IIpu KOMHATHOH TeMIieparype AJ1A OJJOKUPOBAHUSA 9H-
JIOTEHHOU TIePOKCUIa3HON aKTUBHOCTH. 3aTeM Cpe3bl
MIPOMBIBAJIA B 3-X CMeHax JUCTUJIJINPOBAHHON BOJBI,
3aKJII04a/In B KacceTnl 1A II'X okpalmBaHus, IPOMbI-
Basu B ocdaraom 6ydepe (PBS IHC Wash Buffer +
Tween, Cell Marque, CIIIA). [Ijig mpeoTBpaleHus He-
crenudUYecKoro CBA3bIBAaHUSA MEePBUYHBIX MU BTO-
PUYHBIX aHTUTEJ ¢ 0eJIKaMU TKAHU UCIIO0JIb30BaIH Pro-
tein Block Serum-free (DAKO, /lanusi) B TedyeHnue 15
MUHYT. 3aTeM cpe3bl HHKyOUpoBaIu 1 4 mpu TeMmepa-
Type 37°C ¢ NepBUYHBIMU NTOJUK/IOHATBHBIMU aHTUTeE-
gamu nporuB NeuN (Invitrogen, CIIIA) (pasBeneHue
1:200 B Antibody Deluent, Abcam, Besiuko6puranus).
CpessI npombIBau 2 pa3a B ¢pocdaraom bydepe. Nm-
MYHHYIO PeaKIIUIO BBIABJIANM C IOMOIIBIO BU3YaIU3H-
pytoeii cucrembl Dako REAL TM EnVision TM Detec-

tion Systems, Peroxidase/DAB+ (DAKO, [lanus). ITocie

was embedded in paraffin. To detect morphological
changes in the brain, the sections were stained with
hematoxylin and eosin and according to Nissl. To exam-
ine the vascular basal membranes, PAS staining was
used, to detect fibrin in vessels, the PTAH staining was
employed, to find nuclear DNA the sections were stained
according to Feulgen method, while for detection of RNA
in neuronal nuclei and cytoplasm the methyl green-py-
ronin staining was used (BioVitrum, Russia).

To assess neuronal damage, immunohistochemical
(IHC) study of a neuronal marker, the nuclear protein
NeuN, was performed. For this purpose, deparaffinized
brain sections were treated with 3% hydrogen peroxide for
10 minutes at room temperature to block endogenous per-
oxidase activity. The sections were then washed 3 times
with distilled water, placed in IHC staining cassettes, and
washed in phosphate buffer (PBS IHC Wash Buffer +
Tween, Cell Marque, USA). Protein Block Serum-free
(DAKO, Denmark) was used for 15 min to prevent nonspe-
cific binding of primary or secondary antibodies to tissue
proteins. Then the sections were incubated for 1 h at 37°C
with primary polyclonal antibodies against NeuN (1:200
dilution in Antibody Deluent, Abcam, UK) (Invitrogen,
USA). Sections were washed 2 times in phosphate buffer.
Immune response was detected using Dako REALTM En-
Vision TM Detection Systems, Peroxidase/ DAB+ (DAKO,
Denmark). After washing the sections in phosphate buffer,
they were additionally stained with hematoxylin (BioVit-
rum, Russia) and embedded in ImmuMount water-solu-
ble medium (Shandon, USA).

Histological preparations were examined using a
Nikon Eclipse Ni-U microscope, a digital camera, and the
Nis-Elements BR software (Nikon, Japan).

Results and Discussion

The brain morphological study in patients
who died from COVID-19.

The molecular layer of the large hemisphere
cortex. In the molecular layer of the large hemi-
sphere cortex, few small rounded neurons with
normochromatic nuclei were revealed. The nuclei
demonstrated heterochromatin and decentralized
nucleoli predominantly. Pericellular and pericapil-
lary edema was noted. In some cases, single hem-
orrhages per diapedesis were found (fig. 1, a).

The external granular layer contained small
neurons with rounded normochromatic nuclei.
The preparations stained with hematoxylin and
eosin, according to the Feulgen method, demon-
strated mainly the peripheral location of chromatin
in the nuclei forming small clumps (heterochro-
matin). Nucleoli were revealed not in all the neu-
rons using the hematoxylin and eosin and methyl
green-pyronin staining. Satellitosis of some neu-
rons was noted. Pericellular edema was detected
around the majority of neurons.

The pyramidal cell layer showed pyramidal and
rounded neurons. Hyperchromic, deformed neu-
rons, and pericellular edema were detected (fig. 1, b).
Swelling of some neurons, as well as neuronophagia
and satellitosis, were noted (fig. 1, ¢). In some neu-
rons, the nuclei were not stained (karyolysis). Gran-
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MPOMBIBKHY Cpe30B B (pocaTHOM Oydepe Ux JoKparim-
Ba/iM rematokcunnHoMm (bmoButpym, Poccus) m 3a-
KJI0YaJd B BoJopacTBopuMylo cpeay ImmuMount
(Shandon, CIIIA).

HcciienoBanue TUCTOJIOTMYECKUX IIpelapaToB
poBoAuM/IY ¢ ToMolbio Mukpockona Nikon Eclipse Ni-U,
uudposoil kamepsl u nporpammsl Nis-Elements BR
(Nikon, fIrronus).

Pe3ynbTaThl U 00CYK/IEHHE

Mopdoaoruueckoe ucciaeroBaHue rojioB-
HOro mo3ara ymepuiux ot COVID-19.

Kopa 6oavuiux noxywapuii 201081020 Mo32a.
B MOJIEKYJIIPHOM CJI0€ KOPBI OOJIBIITNX MTOJTyTIIa-
puii HEeMHOIOUNCJIeHHble MeJIK1e OKPYIVIble Hel-
POHBI C HODMOXPOMHBIMU AApaMu. BeIABUIN B
ANpax NpPerMylleCTBEHHO TIeTepOXpoMaThH U
JeleHTpaanu3anuio Aapeiiek. OTMeTHIN Iepu-
LeJUIIOJIIPDHBI U INepUKaNWIISAPHBIA OoTeK. B
OTHEJIbHBIX CJIy4asix OOHaApy)KUJIU eJUHUYHBbIE
JuarnenesHble KpOBOU3JIUAHUA (puc. 1, a).

B Hapy>KHOM 3€pHHCTOM CJIOe HEOOJIbIINe
HEeHPOHBI C OKPYIJIBIMA HOPMOXPOMHBIMU s1Ipa-
Mu. Ha npenaparax, OKpaleHHbIX TeMaTOKCUJIN-
HOM U 903MOHOM U MeTO oM PeJibreHa, BhIsIBUJIN,
YTO XpOMAaTHH B S/Ipax B BHUJIE MEJKUX TJIBIOOK
(reTepoxpoMaTHH) PacIloJI0yKeH IIPEeUMYIeCTBeH-
Ho 110 nepudepuu sigpa. [Ipu okpacke reMaToKkcu-
JIMHOM ¥ 903WHOM U METHUJIOBBIM 3€JIeHbIM ITUPO-
HUHOM SIIPBIITIKM  OOHapyKUJIU HE BO BCEX
HelipoHax. OTMETUJ/IN CaTeJIMTO3 YacTU Helpo-
HOB. BOKpyT G0JIBIITUHCTBA HEHPOHOB BBISIBUJIN
NIepULIeJIIIOJISIPHBIN OTEK.

B cJji0e nupaMuAHBIX KJIETOK HEHPOHBI IUpa-
MUJHON U OKpymwIoH (opMbl. BeigBuau rumep-
XpOMHBIe, Te(popMUPOBaHHbIEe HEUPOHBIL, IIEPUITE-
JIIOJISIPHBIN 0TeK (puc. 1, b). OTMeTnsin HabyxaHue
HEKOTOPBIX HEMPOHOB, a TaKk:Ke HeWpoHOdaruio,
caresutnTo3 (puc. 1, ¢). B yacT HEUPOHOB sA/Ipa He
OKpaleHbl (KapuoJim3uc). XpoMaTuH B sipax pac-
MI0JIOYKEH B BUJle TpaHyil. B sigpax HEHpoHOB oTMe-
TUIN AeleHTPaJu3auuio sAphIek (puc. 1, d).
BOKpyr HEKOTOPBHIX KamWJUISIPOB OOHApPYKUJIHA
HeOOJIbITIVE CKOTIJIEHUSI TJTNH, eIMHUYHbIE JHate-
Jle3Hble KPOBOU3JIMSHNSA, YMEPEHHBIN [TepUIIeJITIO-
JISIDHBIM Y MEPUKANUIISAPHBINA OTeK. B obsactu
IIepPUBaCKYJISIPHOIO OTeKa OTMETUJIN pPa3phIXJICHUE
Y pa3BOJIOKHEHUE 6a3aIbHOU MeMOpPaHbI CTEHOK
COCYIOB MUKPOILIUPKY/IAPHOIO pycia (puc. 1, e).

Bo BHyTpeHHEM 3epHUCTOM CJIOe HEHPOHBI
OKpYIJIble HeOOBIINX pa3MepoB. fapa comepskar
FpaHyJIsIpHBI XpOMaTWUH (reTepoxXpoMaTvH).
BpIsiBUIM caTeIUTO3, IEePUIeJIONSIPHBIA U
NepUKANUIISPHBINA OTEK, IOJTHOKPOBUE KaIllUJI-
JIAPOB, CTa3bl.

Bo BHyTpeHHeM NUpPaMUIHOM CJ10€ MHOTHE
HeHpOHBI OKPYIJION (popMBbl, TepOpMUPOBAHBIL.
BrIsiBU/IM runepXpoMHble HEHPOHBI C TOMOTEH-
HOU IuTONIa3Moi (IpU OKpacke reMaTOKCUJIH-

ular-shaped arrangement of chromatic was seen in
nuclei. Decentralized nucleoli were found in the neu-
ronal nuclei (fig. 1, d). Small clusters of glia, single di-
apedetic hemorrhages, moderate pericellular and
pericapillary edema were found around some capil-
laries. In the area of perivascular edema, the basal
membrane of microcirculatory vessels was loose and
dissociated (fig. 1, e).

In the internal granular layer, neurons were
rounded and small. The nuclei contained granular
chromatin (heterochromatin). Satellitosis, pericel-
lular and pericapillary edema, capillary congestion
and stasis were revealed.

In the inner pyramidal layer, many neurons
were rounded and deformed. Hyperchromic neu-
rons with homogeneous cytoplasm (hematoxylin
and eosin and Nissl staining), neuronal swelling,
satellitosis were detected. Lipofuscin granules in
the cytoplasm of some neurons were found. Neu-
ronal swelling (fig. 1, f), decentralized nucleoli in
the neuronal nuclei, pericellular edema were seen.
Venules were dilated, engorged and deformed. Sta-
sis, perivascular edema, capillary deformation,
small clusters of glia near capillaries were detected.

The polymorphic cell layer revealed dark de-
formed neurons, satellitosis, neuronophagia, and
decentralized nucleoli in the neuronal nuclei. Peri-
cellular edema, venular engorgement, perivascular
edema, stasis, and clusters of glia near capillaries
were documented.

Subcortical zone. The subcortical neurons were
predominantly rounded and light. Nuclei and nucle-
oli in neurons were displaced. No nucleoli were de-
tected in some neurons. Some neurons had vacuoles
and lipofuscin granules in their cytoplasm. Karyoly-
sis, satellitosis, and neuronophagia were detected.
Oligodendrocytes in the white matter were arranged
in small clusters. Pericellular and pericapillary
edema, congested and engorged venules were noted.

Morphological examination of the brains of
patients with cerebrovascular accidents who died
from COVID-19 revealed areas of necrosis. Mi-
croglia cells were found in the necrosis areas. In
some preparations granular globules were de-
tected in the areas of necrosis. In several prepara-
tions granular globules were absent in the necrosis
zone but were found in angiogenesis areas along
the infarct periphery. Outside the necrotic zones,
the morphological abnormalities observed in the
large hemisphere cortex were similar to those seen
in patients without stroke. They included pericel-
lular edema, displaced nuclei and nucleoli, satelli-
tosis, neuronophagia, dark deformed neurons,
swelling of neuronal bodies and processes, karyol-
ysis. Lipofuscin was detected in the cytoplasm of
some neurons. We noted engorged venules and
capillaries, small single hemorrhages, perivascular
edema. Fibrin was detected in some microcircula-
tory vessels (fig. 2).
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Puc. 1. Kopa rojoBHoro mosra.

Fig. 1. Microscopy of brain cortex sections.

Note. a— layer 1: pericellular and pericapillary edema and hemorrhage are seen; b— layer 3: hy-
perchromic neurons, pericellular edema, satellitosis; c— layer 3: neuronophagia; d— layer 3: de-
centralized nuclei and nucleol; e—loosening and dissociation of basal membrane of the vascular
wall; f— neuronal swelling. Nucleoli were not stained. Hematoxylin and eosin staining (a—d). PAS
staining (e). Methyl green-pyronin staining (f), x400.

IIpumevanne. a— 1-# CJI0M: NePUTEIITIONAPHBIN U TePUKATMIIJIAPHBINA OTEK, KPOBOU3JIHS-
HHe; b— 3-1 CJI0M: TUIIepXPOMHBIE HEHPOHBI, IEPUIIEJUTIOJISIPHBIN OTEK, CaTeJITUTO3; ¢ — 3-i
cJ10i1: HefipoHodarust; d — 3-i CJI0M: JeleHTpaanu3alus saep U sApbIleK; e — pa3pbIXjaeHue
¥ pa3BOJIOKHEeHe 6a3aIbHON MeMOPaHbI CTEHKY COCYIa; f— HabyxaHue HeiipoHa. OTCyTCTBIE
OKpamuBaHus sapbimika. OKpacka reMaTOKCUJIUH-903WHOM (a-d). IIMK-peakuus (e).
Oxpacka MeTUJIOBBIM 3eJIeHbIM TUPOHUHOM (f), x400.

The IHC study re-
vealed a positive reaction
to NeulN protein in all
brain tissue samples. At
the same time, areas with
a complete absence of
staining for NeuN protein
were detected. These
areas corresponded to
the areas of necrotic tis-
sue in the preparations
stained with hematoxylin
and eosin (fig. 3).

The immunohisto-
chemical staining for
NeuN protein allowed in
most cases to clearly visu-
alize the interface be-
tween the necrotic and is-
chemic penumbra zone
(fig. 3). Interestingly, the
neurons and even areas
with variable IHC stain-
ing patterns for NeuN
were observed when ex-
amining the brain tissue
of the patients (fig. 4).
Areas with reduced IHC
staining for NeuN were
detected in the patients
both with and without is-
chemic stroke.

To date, despite nu-
merous studies on the
pathogenesis of neuro-
logical complications in
COVID-19, there is no ev-
idence of a direct neuro-
pathic effect of the Sars-
CoV-2 virus [12]. The few
studies that have detected
viral RNA or particles in
the brains of patients who
died from COVID-19 can-
not be considered as
proof of the role of Sars-
CoV-2 in the pathogenesis
of neurological complica-
tions [13].

The present study
found nonspecific changes
in nerve cells and signs of
circulatory disorders in pa-
tients who died from
COVID-19. Neuronal
changes included evidence
of severe damage such as
gross disruption of cyto-
plasmatic, nuclear, and
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HOM ¥ 903MHOM | 110 MeToay Hucciist), HabyxaHne
HelpOHOB, caTe/yINTO3. B riuTon/asme yactu Hel-
POHOB TpaHy/ibl aunodgycuuHa. OT™MeTHIN HAdY -
XaHue HeUpoHOB (puc. 1, f), neneHTpaaIn3aIuio
SIIPBILIEK B sifpaX HEWPOHOB, MEPUIeII0NsIP-
HBII OTeK. BeHysbI pacminpeHnsl, IOJTHOKPOBHBI,
IeopMUpOBAaHbI. BeIABUIN CcTa3bl, IepUBACKY-
JSIPDHBIA  OTeK, JedopMalUi0 KalUJJISAPOB,
HeOOJIbIIIE CKOTIJIEHUS VMK OKOJIO KaTUJIJISIPOB.

B csoe moauMopgHBIX KJIETOK BBISIBUJIU
TeMHble e(pOpMUPOBaHHbIE HEHPOHBI, caTeslIn-
TO3, HeWpoHo(paruio, B sgpax HEUPOHOB —
JlelleHTpaJIn3aluio apblliek. 3aperucTpupoBa-
JU TepULeJUIIOJNAPHBIA OTeK, MOJHOKpPOBUE
BEHYJI, IEPUBACKYJISIDHBIN OTEK, CTAa3bl, CKOILJIe-
HUSI VIMY OKOJIO KalTUJLJISIPOB.

Ilookoprosas 3omna. B OOKOPKOBON 30HE
HeHpOHBI IPEUMYIIECTBEHHO OKPYIJION (hOPMBI,
cBeIble. OTMETUIIN CMellleHle B HepoHax sifiep
U sAApbIIIeK. B yacTu HEHpPOHOB SIAPBIIIKU He
BBISIBUJIU. B I[UTON/Ia3Me HEKOTOPHIX HEHPOHOB
BaKyoJId, TpaHy/bl JunodycryuHa. BrisgBumiun
KapHOJIM3UC, CaTeslJINTO3, HelipoHOo(paruwo. B
0eJI0M BelecTBe OJINTOIEH/IPOIIUTHI PACIIOJIOKE-
HbI HeOOJIBIINMU TPYIITaMU KJIeTOK. OTMeTHJIn
nepeneJIo/spHBIA U NTlepeKaluJISIPHBIN OTEK,
IIOJITHOKPOBUE U paclIupeHNe BeHyJl.

I[Ipu MopgosioruueckoM HccCeI0BAHUU
rosJI0BHOro Moara ymepiux or COVID-19 ¢ nmarHo-
CTUPOBAHHBIMU OCTPBIMU HapyIIeHUsIMU MO3TO0-
BOT'0 KPOBOOOPAIIeHHs 3apeTUCTPUPOBAIN y4a-
CTKA HeKpo3a. B 30He Hekposa OOHapy:RWUIA
KJIETKU MUKpPOIIMU. B yacTu npemnaparoB B 30He
HEKpO03a BbIABUJIN 3€pHUCTBIE IIapbl. B HEKOTO-
PpBIX IIpernaparax 3epHUCTBIE IIIapbl OTCYTCTBOBAJIN
B 30HE HEKPO3a, HO ObLIM 00HAPY;KEHBI B y4aCTKaX
aHruoreHesa o nepudgepuu uadapkra. Bue 30H
HEKpO03a B KOpe OOJIBIITNX TOIYIIIapUi OTMETHIIA
Takue ke MopgoJioruye-

nucleolar structure, along with karyolysis (pallor of cy-
toplasm and nucleus, diffuse total lysis of Nissl sub-
stance, ‘ghost’ cells). As a rule, karyolysis was accom-
panied by neuronophagia. The study also revealed
reversible changes consisting in acute neuronal
swelling and retrograde degeneration. A large number
of neurons with eccentric nuclei and nucleoli is also
noteworthy. This feature was most often associated
with acute neuronal swelling. According to a study by
D. L. Mcllwain et al., decentralized nuclei are related to
structural changes in the cytoskeleton caused by ax-
onal damage [14]. Damage to axons can be both due
to edema-related compression (pericellular edema was
found in all the cases studied) and a manifestation of
the damaging effect of the virus on the nervous tissue.

The detected karyolysis and cytolysis may be
due to hypoxic brain damage, possible neurotropic
effects of the Sars-CoV-2 virus, toxic action of drugs
used during the hospital treatment of the novel
coronavirus infection.

Hypoxia is the most likely cause of neu-
ronophagia detected in all cases. One of the mech-
anisms of microglia activation under hypoxia is
known to be mediated by cytokines [15]. Inter-
leukin-6 and interferon-gamma have a particularly
important role in microglial activation and regula-
tion of microglial receptor expression involved in
phagocytosis [16]. Increased levels of cytokines, in-
cluding interleukin-6, have been demonstrated in
COVID-19 [17, 18]. An alternative hypothesis is the
direct effect of the virus leading to neuronal dam-
age and neuronophagia. Based on the results of our
study, we cannot confirm or refuse this hypothesis.
However, considering the literature data indicating
that the viral invasion into neurons has never been
proved, this hypothesis is improbable [19].

The IHC staining for NeuN protein allowed in

most cases to clearly visualize the boundary between

CKUe U3MeHeHUs], KaK U B
ciaydasix  0e3  OCTpBIX
HapyIIeHUH MO3TOBOTO
KPOBOOOpAIIeHNS: IEPH-
eJNTIIIpHBIA OTEK,
CMelIeHre si/iep U AIphI-
IIEK, CaTeJIJINTO3, HEUPO-
Ho(arusi, TeMHbIe fedop-
MUpPOBaHHbIE HEWPOHBI,
HabyxaHWe TeJ U OTPO-
CTKOB HEHPOHOB, KapHO-
Jusnc. B mmTommasme
4acTu HEUPOHOB 0OHa-
Py>RAIN  TUTOQYCIUH.
OTMeTHIN TTOJTHOKPOBHE

BeHYJI W KaIlWJISAPOB,
He0OoJIbIIINE ONUHOYHBIE
KPOBOUBJIUSHUS, IIepH-
BAaCKy/IADHBIM oOTeK. B
HEKOTOPBIX COCYAX MUK-

Puc. 2. ITogkopkoBas 06J1acTh rOJI0BHOr0 Mo3ra. PHOPHH B cocyaax.

Fig. 2. Subcortical brain area. Vascular fibrin visualized.

Note. a— hematoxylin and eosin staining; b— PTAH staining. x200.

IIpumeyaHue. @ — OKpacKa reMaTOKCUINH-303UHOM; b — OKpacKka remarokcuyinaoM PT.AH.
docdoBobPpPaMoOBbIM KUCTBIM. x200.
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POLUPKYJIATOPHOIO  pycJa
BBIABUJIN (PUOPUH B COCyIax
(puc. 2).

[Ipu WI'X-uccienosa-
HHUY BO BcexX 0O0pasiiax TKaHU
MO3ra BBIIBUJIN TOJIOKHU-
TeJIbHYIO PEAKIINI0 Ha OesIoK
NeuN. IIpu arom BbIABUIU
30HBI C II0OJIHBIM OTCYTCTBUEM
OKpallBaHUsI Ha 0eJIoK
NeuN. JlanHble o06JjacTu
COOTBETCTBOBAJ/NU y4aCTKaM
HEKPOTU3UPOBAHHOU TKAHU
Ha Mpenaparax, OKpalleHHbIX
reMaTOKCUJIMHOM-3031HOM
(puc. 3).

HUI'X-okpainvBaHue Ha
o6esoxk NeuN 1IO3BOJIMIO B
OOJIBIITMHCTBE CITYYaeB YETKO
BU3YyaJIM3UpPOBATh TI'DaHUILY
MeKIy B30HOH HeKposa U
30HOU Tak Ha3bIBAaeMOMU HUIIIe-
MHUYECKOH TIOJYyTeHW WJIN
neHyMOpsbI (puc. 3). Cienyer
OTMETUTH, UTO MPU UCCIEI0-

BaHNUU MO3TOBOM TKaHU yMeP-
IITUX HAOJTIONAIN HEMPOHBI U
nmaske obJactu ¢ pasHout MI'X-
peaknueit Ha NeuN (puc. 4).
O6utacTtu c monmxeHHou NI'X-
peakiveii Ha NeuN BBISBJISAIN
KaK y yMepIIUX C JUarHOCTU-
POBAaHHBIM  HIIEMUAYECKAM

the NeuN protein. x200.

x200.

Puc. 3. Ixkcnipeccus 6es1ka NeuN B pa3HbIX 00/1aCTAX FOJIOBHOTO MO3ra.
Fig. 3. The NeuN protein expression in various brain areas.
Note. H&E — hematoxylin and eosin staining; NeuN — immunohistochemical staining for

IIpumeuanue. Penumbra/Necrotic zone — 3oHa neHymM6ps1/Hekpo3sa; H&E — okpacka
reMaTOKCUJINH-903UHOM; NeuN — NMMYHOTUCTOXUMUYECKAsi peakius Ha 6e1ok NeulN.

WHCYJIBETOM, TaK 1 6e3 HeTo.
Ha cerogHAIIIHUN T€Hb,
HECMOTpPSA Ha MHOMKECTBO
WCCJIeOBAaHUM IaToreHesa
HEBPOJIOTUYECKUX OCJIOKHE-
Huii npu COVID-19, He cyie-
CTBYeT J0Ka3aTeJIbCTB Heil-
pOIIaTOTeHHOCTHA BHpYyCa
SARS-CoV-2 [12]. HemHoro-
YUCJAeHHbIE HCCJIeIOBaHUSA,
BBISIBUBIIIKE B OTJEJIbHBIX
cJIy4asiX B TOJIOBHOM MO3Te
ymepmux or  COVID-19

Bupycuyio PHK wnnu Bupyc-
Hbl€ YaCTHUIIbI, HE JOKAa3bI-
BaioT poJib SARS-CoV-2 B
IaToreHese HeBpOJIOrnuye-
CKHUX OCJIOKHeHuu [13].

B HacrosameMm ncciaegoBaHuUM y IAlMEHTOB
ymepmux npu COVID-19 MbI BBIABUJIN HECIIELH-
(pryeckrie U3MeHeHMsI HEPBHBIX KJIETOK U IPU3HA-
KU HapylIeHusi KpoBooOpameHus. V3aMeHeHUs
HEMPOHOB BRJIIOYAJIA B CeOsT MPU3HAKY TSPKEJTbIX
MOBpeEsKIeHn (Tpyboe HapylieHne CTPYKTYPBI
OUTOIJIa3MBbl, AApa, AAPBIIIEK), B TOM YHUCJIe —
KapuoJi3uc (mobJieTHeHNe IUTONIa3Mbl U SI7IPA,

Puc. 4. YuacTku cpesa ¢ pasHoi UI'X-peaknueii Ha NeuN (x200).
Fig. 4. Sections with different IHC staining for NeuN (x200).

the necrotic and penumbra zones in the brain of pa-
tients with ischemic stroke. The pathophysiological
studies have shown that reduced staining for NeuN
helps distinguishing the ischemic focus [20, 21]. This
method may be used in pathologic histology as well.
The NeuN nuclear protein of nerve cells was discov-
ered in 1992. It is present in most mature neurons
with rare exceptions but has never been detected in
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g dysHbIN TOTATBHBIN JTU3KC cybcTanmy Hucc-
Jis, KJIETKU-TeHH). Kark 1npaBuso, KapuOJIU3UC
COIPOBOsKIA/ICS HelpoHodaruei. Takske BbISIBU-
Ji oOpaTuMble U3MEHEHUsI, 3aKJII0YAIOITIeCs B
ocTpoM HabyXaHUU HEHPOHOB ¥ IEPBUYHOM pPas-
npakennu. Obpaiaer Ha ceOs BHUMaHUEe 00JIb-
III0€e KOJINYEeCTBO HEHPOHOB C 9KCIEHTPUYHBIM
pacIoIoyKeHUEeM siep U ANPBIIIeK. ITOT IPU3HaK
HanboJIee 4aCcTo COYeTAJICS C OCTPHIM HabyXxaHHEM
HelripoHoB. ComtacHo uccaenoBanuio D. L. Mcll-
wain ¥ CoasT., IelleHTpaaIn3anus nep CBA3aHa co
CTPYKTYPHBIMHA H3MEHEHUsMHU LMUTOCKEeJIeTa,
00yCJIOBJIEHHBIMH TTOBPEYKIEHNEM aKCOHOB [14].
[ToBpeskIeHre aKCOHOB MOSKET OBITH KaK CJIe-
CTBHEM CHABJINBAHUA UX OTEKOM (IIepULIEJII0JIAD-
HBIN OTEK BBISIBUJIN BO BCEX UCCJIEIYEMBIX CJIy-
4asgx), TaKk W IPOSABJIECHUEM IIOBpEsKAaoIIero
JleiCTBUsI BUpPyCa HA HEPBHYIO TKAHb.
BeIABNI€eHHBIE INIPHU3HAKU KapUOLUTOJIN3A
MOTYT OBITHh OOYCJIOBJIEHBI THIOKCUYECKUM
IIOBPEsKAEHUEM I'OJI0BHOI'O MO3Id, BO3MOYKHBIMU
HellponaToreHHbIMU cBolicTBamMu Bupyca SARS-
CoV-2, TOKCUYECKUM JIeMICTBUEM JIEKAPCTBEHHBIX
IpenaparoB, UCII0JIb30BABIINXCA B CTallOHApe
IIpU JIe4eHNHU HOBOM KOPOHABUPYCHON NH(EKINH.
HauboJsiee BepOsTHON MPUYNHON HEUPOHO-
¢paruu, BBISIBJIEHHONH BO BCeX MCCJEJOBAHHBIX
ciay4asx, ABJIAeTCA TUIIOKCcHUA. M3BecTHO, 4TO
OVIH U3 MEXaHW3MOB aKTUBALlUA MUKPOILJIUU B
YCJIOBUAX TMIIOKCUU OIOCPEeNOBaH LUTOKWHA-
Mu [15]. OcoOeHHO BajkHAsA POJIb B aKTUBAIlUU
MUKPOLJIMY U PEeryJIupOBaHUY IKCIIPECCUU MUK-
pomINabHBIX PELeNTOPOB, y9aCTBYIOIINX B (paro-
LIUTO3€, OTBOJUTCSI UHTEPJIeNKUHY-6 U nHTep(de-
pory-rammMma [16]. [lokasano, yro npu COVID-19
OTMeYaeTcs NOBBIIIEHHBIE YPOBHA [UTOKUHOB,
BRJIIOYAsI MHTEPJAEUKUH-6 [17, 18]. AsibrepHaTUB-
HOU TMII0Te30 ABJIsAETCA IpsMoe JeliCTBUE BUPY-
ca, BeJyliiee K IIOBPesKIeHUsIM HePOHOB U Hell-
poHodarun. lMcxonss U3 pesynabTaToOB HaIIEro
HCCJIeJOBAaHMs, IIOATBEPAUTD UJIU OIIPOBEPTrHYTH
JaHHYIO TUII0Te3y He MPeACTaBJIAeTCa BO3MOXK-
HbIM. OHAKO, yYUTHIBAA NaHHbIE JIATEpaTypHl,
COIVIAaCHO KOTOPBIM MHBA3UsI BUPYCA B HEMPOHBI
Tak W He ObLIa JOKa3aHa, MaHHAs TUMOTe3a
SABJISIETCS MaJIOBEPOSITHOM [19].
UT'X-okpammuBanue Ha 6e10k NeulN 1MO3BO-
JINJIO B OOJIBIITMHCTBE CJIyYaeB YeTKO BU3YAJIN3H-
pOBaTh rpaHUIly MesKIy 30HOU HEKpo3a U 30HOU
MTeHyMOpBI B TOJIOBHOM MO3Te YMEPIIIHX C TUarHo-
CTUPOBAHHBIM UIIIEMAYECKAM UHCYJIBTOM. Cieny-
€T OTMEeTUTB, YTO B NaTO(U3NOJIOTHUUECKUX UCCJIe-
JOBAaHUAX CHUKeHHMe peakuun Ha NeuN
MO3BOJISIET BbIAeJUTh ouar umiemuun (20, 21]. He
VICKJTIOYEHO, YTO TAHHBIA METOJ MOSKET ObITh TPU-
MeHEeH U B IaTOIMCTOJIOTHYeCKOU TpaKkTuKe. fnep-
HBII 6eJI0K HEPBHBIX KJIETOK NeulN ObLT OTKPHIT B
1992 romy. OH IPUCYTCTBYET B OOJBITUHCTBE 3pe-
JIBIX HEHPOHOB 3a PEJKUM HCKJIIOUEHUEM, HO

glial cells. Due to this fact, antibodies to NeuN pro-
tein have been actively used for more than 20 years
in immunohistochemical studies of neuronal differ-
entiation for assessing the neuronal state and, in the
last decade, for the differential diagnosis in neuro-
oncological pathology [21-26].

Experimental data indicate that the intensity
of the immunocytochemical staining for NeuN in
the nucleus and cytoplasm may differ both among
nerve cells of the same type and between neurons
of different types. Obviously, the differences in the
intensity of staining for NeuN represent the differ-
ences in cellular expression of this protein related
to both the constitutive features of the neuron and
its functional state [20].

In general, the loss of NeuN staining proper-
ties indicates neuronal damage, but cannot be con-
sidered absolute evidence of neuronal death (ex-
pected or occurred), which should be remembered
when interpreting data from quantitative immuno-
histochemical studies [20]. In our study, areas with
decreased NeuN protein expression were detected
in patients both with and without ischemic stroke.

One should note that during autopsy cere-
brovascular atherosclerosis as well as evidence of
chronic hypertension with predominant heart and
kidney damage were detected in 100% (5 cases) of
patients diagnosed with ischemic stroke. Impor-
tantly, those who had both COVID-19 and cerebral
infarction demonstrated 50% and greater stenosis
of basilar cerebral arteries, whereas in patients
without cerebrovascular accidents, basilar artery
atherosclerosis was noted in 42% of cases (5 of 12)
and was less than 30%. The above-mentioned con-
ditions are major risk factors for ischemic stroke. Is-
chemic stroke occurring in COVID-19 is likely to re-
sult from a combination of hypoxia, underlying
disease, and risk factors. The neurotropic effect of
the virus also cannot be excluded since neuronal
changes detected in patients with ischemic stroke
outside the necrotic zone and in the ones without
cerebrovascular accidents are similar.

Conclusion

The present study provides evidence of brain
damage in patients who died from COVID-19 man-
ifested as nonspecific neuronal changes (acute
swelling of neurons, retrograde degeneration, kary-
olysis and cytolysis, ‘ghost’ cells, neuronophagia and
satellitosis) along with the signs of circulatory disor-
ders (perivascular and pericellular edema, hemor-
rhage per diapedesis, stasis, microcirculatory en-
gorgement), which can be due to hypoxia, but also
might associate with a direct neurotropic effect of
the virus. Ischemic stroke in COVID-19 could be
largely due to hypoxia resulting from respiratory fail-
ure and coexisting risk factors such as atherosclero-
sis of basilar cerebral arteries and hypertension.
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KianHu4eckue UCCIEeL0OBaHUSA

HUKOT/a He 0OHapy>KUBaJICA B KIeTKax inu. bia-
rogaps 9aToMy aHTuTesa kK 6esary NeulN yske Oosiee
20 J1eT aKTUBHO HCII0JIb3YIOTCSI B UMMYHOTUCTOXH-
MHWYECKUX MCCJIEIOBAHUAX HEHPOHAJILHOU qud-
¢hepeHITUPOBKH, JIJIsI OIIEHKU COCTOSTHUS HEPBHBIX
KJIETOK B HOpME U TIPU pa3JuYHbIX ITaTOJ0TAYe-
CKUX BO3JEHCTBUAX, a B IIOCJIEeIHEE TeCATUIETHE
u B quddepeHIuabHON MTaTOTUCTOJOTUYECKON
JMIMAarHOCTHKE B HEHPOOHKOJIOTUM [21-26].

JKCIlepuMeHTaJIbHbIE JaHHbIE CBUETEJIb-
CTBYIOT O TOM, YTO UHTEHCUBHOCTb UMMYHOIIUTO-
XUMUYeCcKor peakimu Ha NeulN B siipe U UATO-
Ijaa3Me MOYKET pas3jnvyarbCs Kak B IIpejesiax
HEPBHBIX KJIETOK OHOTO TUIIA, TAK U MEKAY Hell-
poHamu pa3dHoro Tuma. O4eBUJHO, YTO PA3TUIUS
B MHTEHCUBHOCTU peakiuu Ha NeuN oTpaskaior
pasJI4us B 9KCIIPECCUU TAHHOTO OesTKka B KJIETKE,
CBsI3aHHBIE KAaK C KOHCTUTYTUBHBIMU OCOOEHHO-
CTSIMM HeUpOHA, Tak U C ero GyHKIMOHAJIbHBIM
cocrossHHueM [20].

B 1iesioM, curTaeTcs, 4To nMoTrepsi HEPBHBIMU
KJIETKAaMU CBOMCTBA OKpAaIIMBaThCS Ha OeJIOK
NeuN yka3pIBaeT Ha MX MHOBpeKJeHUE, HO He
MOJKEeT OBITh 0€e3yCJTOBHBIM CBHJIETETHCTBOM
rubesii HEHPOHOB (0YKUTAeMOU HUJTU IPOU3OIIIE -
Iell), 4To cjaeayeT YYUThIBATh IPX UHTepIIpeTa-
LMY JAHHBIX KOJIMYEeCTBEHHOI'0 UMMYHOT'MICTOXH-
MHUYeCKOoro wucciaemoBanusa [20]. B Hamem
HCCJIeJOBAaHUM 00JIACTH C TOHUKEHHON 9KCIIpec-
cueii 6esika NeulN BBISB/ISAINCH KaK Y YMEPIIIUX C
JUarHOCTUPOBAHHBIM NIIIEMUYECKUM UHCYJIETOM,
Tak 1 6e3 Hero.

Caepyer orMeTurs, 4To y 100% (5 yesoBek)
YMepIINUX C UIIIeMUYeCKUM UHCYJIBTOM IIPU ITpOBe-
JIEeHUHU I1aTOJ0T0aHaTOMUYECKOI0 UCCJIeIOBAHUS
OBLII BBISIBJIEH aTEPOCKJIEPO3 aPTEPUI OCHOBAHUS
FOJIOBHOTO MO3ra, a TakK)Kke TUIepPTOHUYeCKasi
00JI€3Hb C TPENMYIIECTBEHHBIM IOpa’keHUeM
cepara v mouek. Obparaer Ha ce0sI BHUMaHUE TOT
daxkt, uro y ymepmux ¢ COVID-19 u undapkrom
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TOJIOBHOTO MO3Ta CTEHO3 apTepuil OCHOBAHUS
rOJIOBHOTO Mo3Tra ObL1 00JibIlle 50%, B TO BpeMs
KaK y MaleHTOB, y KOTOPBIX HE OBLIIN OTMEeYeHbI
OCTpbIe HapyIIeHUsI MO3TOBOTO KpoBooOpare-
HUs1, aTEPOCKJIEPO3 apTEPUI OCHOBAHUS I'OJIOBHO-
ro Mo3ra 066171 0TMeYeH B 42% cirydaeB (5 YeJIOBEK
n3 12) u 611 MeHee 30%. Jtu 3aboJsieBaHUA
SABJISIOTCSI OCHOBHBIMU (DAKTOPOM pHCKA UITIEMU-
YecKOr0 WHCYJIbra. BeposiTHO, uieMuyeckuil
WHCYJIBT, Bo3HUKawmii npu COVID-19, ssBasieTcs
cJieCTBHEM COYeTaHUS TUNOKCUU, UMEeIOIINXCS
3aboJieBaHUH 1 (PAKTOPOB PUCKA UIIIEMIUYECKOTO
WHCYJIETa Y 00JIbHOTO. Tak)ke HeJTb3s MCKJIOYUTD
HeHpONaTOreHHOCTh BUPYCA, TAK KAK BBISIBJIEH-
Hbl€ U3MEHEHN s HEPBHBIX KJIETOK Y ITAIIMEHTOB C
AIIeMUYeCKUMY UHCYJIETaMU BHE 30HbI HEKpPO3a
W'y TTarieHToB 0€e3 HapyIIIeHUs MO3TOBOT0 KPOBO-
oOpalreHuss aHaJIOTUYHBI.

3akJarouenue

Hacrosee nccienoBanue fo0Ka3bIBaeT HAJIN-
uyne nospesxaennusn LIHC y ymepmux ot COVID-19,
3aKJIovamleecs B HecleNU(MUYECKUX HU3MeHe-
HUSIX HEPBHBIX KJIETOK (OCTpOe Ha0yxaHue, IepBUY-
HOe pa3gpaskeHHe, KApUOLUTOJIN3, KJIEeTKU-TeHH,
HelpoHO(arus U carTejuTo3) U NpU3HaKax Hapy-
IIeHUsI KPOBOOOpaIleHusl (IepUBACKYISIPHBIN U
MIepULIeJUTIOJIPHBIN OTEK, Jualee3Hble KpOBOU3-
JIUSIHUS, CTa3bl, IOJTHOKPOBHE COCYI0B MUKPOIIUP-
KYJIATOPHOTI'O PYCJIa), YTO MOSKET OBITh 00yCJI0BJIe-
HO TUIIOKCHeH, HO TaKk)Ke He UCKJIIoYaeT IpsAaMoe
HeliponaToreHHoe JielicTBHe BUpyca. MOYKHO Ipe[-
MIOJIOKUTD, YTO CJIy4au HUIIeMHUYeCKOro MHCYJIBTa
ipu COVID-19 Bo MHOTOM 00YCI0BJIEHBI THIIOKCH-
eil, pasBUBaIOIIECs BCJIEACTBUE AbIXaTeTbHOMN
HEJJOCTaTOYHOCTH, U CYILIECTBYIOIIUX y O0JBHOTO
(haxTOpPOB pHUCKa — codYeTaHUsI aTepoCKjIepo3a
apTepuil OCHOBAHUA TOJIOBHOTO MO3Ta U TUIePTO-
HUYeCKOoH 00JIe3HU.
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