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Brain Cortex Morphology in Rats After Cold Exposures

Pedhepat: BuByanm MopdonoriyHi 3MiHM y CEHCOMOTOPHI KOpi FOMOBHOTMO MO3KY 6-MiCAYHMX LLypiB MIiCNSA KOPOTKOYacHWUX nepe-
pvBYacTMXx Ta TpuBanux 6e3nepepBHux xonogosux BnmueiB (KMNXB i TBEXB BignosigHo). 3a uMx yMOB y TKaHWHI MO3Ky Ha Tni 36epe-
XKEHOT LWTO- i MIENOapXiTEKTOHIKM BiA3HaAYalOTbCSt NePUBACKYNAPHUN i MepuLEentonsapHuii Habpsik, ApibHI NOOAMHOKI ocepenkyn HEKpo3y
3 ABULWAMU MMio3y, «nopucTuii» Hewvponink (3a ymos KIMXB npu —12°C — o3Haku, npu TBXB — dopmMyBaHHS), AUCTPOMIYHO 3MiHEHI
HENPOHW, HEMPOHM 3 SAPaMMN Ha Pi3HMX CTadisx Hekpobiody. YacTMHa MIKpoCyaMH Mana o3Haku 3ananeHHs Tta Tpombu. Micna KMXB
3a —12°C cnocTepiraetbCa MoMipHa KOHCTpuKUis, a 3a 10°C — punatauisa mikpocyauH. Pesynetat dpakTanbHOro aHanisy noka-
3anv 3aMeHLIeHHs dpakTanbHOI PO3MipHOCTI 3pi3iB kopy MO3Ky 3a ymoB KIMXB npu —12°C ta TBXB.

KnrouyoBi cnoBa: oxonog)eHHs, Mopdororis KOpu rorNoBHOTO MO3Ky, dopakTarnbHa Po3MipHICTb, KOPOTKOYaCHI NepepuBYacTi Xomno-
OB BMNUBKM, TpMBanui 6esnepepBHuiA XONo40BUIA BNSMB.

Abstract: Morphological changes of the brain cortex sensorimotor area in 6-month-old rats were studied after short-term
intermittent and long-term continuous cold exposures (STICE and LTCCE, respectively). Under these conditions, perivascular and
pericellular edema, small solitary foci of necrosis with gliosis phenomena, ‘porous’ neuropil (signs under STICE at —12°C and for-
mation during LTCCE), dystrophically changed neurons, neurons with nuclei at different stages of necrobiosis were noted in the
brain tissue against the background of native cyto- and myeloarchitectonics. Some of the microvessels had signs of inflammation
and thrombi. A moderate constriction (after STICE at —12°C) and a dilatation (after STICE at 10°C) of microvessels were
observed. According to the fractal analysis, a decrease in the fractal dimension of the brain cortex sections was found under both
STICE at -12°C and LTCCE.

Key words: cold, brain cortex morphology, fractal dimension, short-term intermittent cold exposures, long-term continuous cold exposure.

IIpupomgna 1 mTyyHa xomomoBa amamTarmis (XA)
BiIOyBaeThCA TUIAXOM akiiMallii abo akjiMaTh3a-
mii Ta BKIOYAaE€ TEHETHYHI, (i310JIOTIYHI, MOp-
dosoriuai ab0 TIOBEMIHKOBI peakxilii, sSKi MOXYTh
TTOCHJTIOBATUCS a00 TPUTHIYYBaTHCS. XapakTep XA
3aJIeKUTh Bil THI (MOBIiTps 200 BOzA) Ta IHTECHCHUB-
HocTi (Oe3nepepBHa abo MepiogUYHA) XOJOAOBOTO
BBy, DyHKUIiOHaNbHE 3HAaueHHA (i3i0MOTIUHOT
XA Hapasi He 3°5coBaHO, 1 JesiKi BiIIOBiAHI peak-
uii MOXyTh OyTH HE TIIBKH HIKIUIMBUMHU Ta CHpH-
YHHUTH XOJIOJAOBI TPaBMH, ajie W MiABUIIYBaTH 31aT-
HICTh OpraHi3My IO BIDKMBAHHS B YMOBax HHU3BKOI
TeMIIepaTypH HaBKOJUITHHOTO cepemoButa [13, 15].

Xomom0oBl HaBaHTKCHHS HaA OpraHi3M Moje-
JIIOIOTBCSL  YTPUMAHHAM JPIOHUX J1abOpaTOPHUX
TBapUH y KJIITKaX B yMOBaX KOPOTKOYACHOTO Iepe-
puBYacToro abo TpHWBAIOTO OE3MEPEPBHOTO XOJIO-
noBoro BBy (KIIXB ta TEXB BigmosigHO), 110
o0ymoBmoe xapakrep XA. 3a TEXB BinOyBatoTbes
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Natural and artificial cold adaptation (CA) occurs
either through acclimation or acclimatisation and
involves genetic, physiological, morphological
or behavioural responses that can be enhanced or
suppressed. The CA nature depends on the type (air
or water) and intensity (continuous or intermittent)
of cold exposure. Functional significance of phy-
siological CA has not been determined yet, and
some responses may not only be harmful and cause
cold injuries, but also increase the body’s ability
to survive at low ambient temperatures [10, 13].

Cold loads onto the body are simulated by
keeping small laboratory animals in cages under
short-term intermittent or long-term continuous cold
exposures (STICE and LTCCE, respectively), that
determines the CA nature. In case of LTCCE, the
whole-body cooling, a pronounced vasoconstriction
and metabolism acceleration occur, while the STICE
without significant body cooling can promote the
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3arajibHe OXOJIOMKCHHS Tila, BHPaKCHE 3BYXKEH-
HSl KPOBOHOCHHMX CYAMH 1 NPUIIBUAIIICHHS MeTabo-
mizmy, tomi sk KIIXB 06e3 moMiTHOTO OXOJOKEH-
HA Tila MOXE CIPHATH radiTyarii — ocoOnmBiit
dbopmi XA, komm BIONOBIAHI peakiii oOpraHis-
My Ha CIPUHHATTS XOJIOMY 3MEHINYIOThCSA [15].
BB xomomy BUKIWKae crerudidHi Ta CKOOp-
TUHOBAHI TEPMOPETYISATOPHI pEaKIlii opraHi3my,
NpU [OMY aKTHBYIOTHCS YHCICHHI JUISHKA TO-
JIOBHOTO MO3KY, 30KpeMa Yy HEOKOpTeKci, Timora-
nmamyci Ta ctoBOypi [23]. KoprukaneHi cTpykTypn
MO3KY, SIKI OIOCEPEAKOBYIOTH peakiii Ha XOoJIof,
YiTKO HE iACHTH(]IKOBaHi, OAHAK CEHCOMOTOpHA,
MPEMOTOPHA, NpeppPOHTANIbHA, MEPEAHs MOsACHA [i-
JSHKK Ta OCTpiBElb 3alydaloTbCs OO0 peamizamii
BIIUYTTS XOJNOAY y JfonuawA [22].

OcKiTbKd MOPQOIOriYHUN CTaH KOPTHKAIBHUX
CTPYKTYp, SKi 3allydeHi 10 oOpoOKu Temmeparyp-
HOi1 iH(opMarlii i CHpUAIOTh PO3BUTKY Tabiryartii,
JoTeTiep He BUBYCHO, OYJI0 MPOBEACHE TiCTOJOTIUHE
JOCITIDKEHHSI KOPH TOJIOBHOTO MO3KY IIypiB ITICIS
PI3HUX pEXXUMIB XOJIIOJOBUX BILIMBIB.

Marepiaiau i MeTonHn

Jluzaiin mociipkeHb CXBAJICGHO KOMITETOM i3 0io-
etk [HCTUTYTY mpobneM Kpiobiosorii i Kpiome-
muiuHu HAH VYkpainu. ExcniepuMeHTH TpOBOIMIN
BIJIMTOBITHO TOJIOXKEHB 3ak0oHY YKpainu «I1po 3axuct
TBapWH BiJ KOPCTOKOTO TOBOMKEHH» (Ne 3447-1V
Bix 21.02.2006 p.) i «EBporelicbkoi KOHBEHIIT PO
3aXHCT XPEeOCTHUX TBAapWH, SKI BUKOPHUCTOBYIOTH-
Cs OIS eKCIePUMEHTATbHUX Ta IHIINX HAyKOBHX
miei» (CrtpacOypr, 1986). Pobora BuKOHaHa Ha
6-MiCSIYHHX caMIlIX 01X Oe3MOpOIHUX ayTOPEAHNX
IIypiB.

3a ymoB KIIXB mypiB yrpumyBanu 3a —12 a6o
10°C y xomomoBiii kamepi mpoTsaroM 15 XB KOKHOL
TOJIMHH, TOTIM 45 XB BOHH 3HAXOAWJIKCS I103a XOJO-
J0BOIO Kameporo 3a 22-24°C. Takum unnom KITXB
MIPOBOIMIIA ACB’SITh pa3 MPOTATOM CBITIOI YaCTHHU
nobu. [ns monmentoBanns TBXB TBapuH yTpumy-
BaJld y XOJIOAHOMY TIPUMIIIEHHI B OKPEMHX KJIITKax
3a Temmeparypu (5,5 = 1,5)°C mpoTsarom MicsIis.
Ilypu Oynmu po3mineHi Ha TpynH (n = 5 y KOXHIN):
iaTtaktHi (KoHTpONb); KIIXB npm 10°C; KIIXB
nipu —12°C ta ThXB. TBapuH 3 eKClIEpUMEHTY BUBO-
JIVJIM LIJISIXOM JeKartiTarii.

licromoriyne MOCHiPKEHHS KOPH TOJIOBHOTO
MO3KY BHUKOHYB&JIM 32 CTaHIAPTHOIO METOAMKOIO:
BUWIy4eHI (parMEeHTH TKaHMHA MO3KY (ikcyBaim
y 10%-my pozumHi HeHTpanbHOrO (hopMaiiHy Mpo-
TaroM 24 romwH. Ilicns BiamuBaHHS (iKCOBaHUN
Marepian 3HEBOAHIOBAIM Yy CIUPTax 3pOCTa0dol
KOHIeHTpamii 1 3aymBaym y mapadin. Otpumani
3pi3W 3aBTOBIIKKA 6—8 MKM 3a0apBIIIOBajidi TeMaTOK-
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habituation, a special form of CA, when the body’s
responses to cold perception are reduced [13]. The
exposure to cold induces specific and coordinated
thermoregulatory responses of the body, at the same
time multiple brain regions are activated, including
those in the neocortex, hypothalamus, and brainstem
[23]. The cortical brain structures that mediate
responses to cold have not been clearly identified,
but the sensorimotor, premotor, prefrontal, anterior
cingulate regions and the insula are involved in the
realisation of cold sensation in human [21].

Since the morphological state of cortical struc-
tures, involved in processing of temperature infor-
mation and contributing to habituation develop-
ment is yet unexplored, the rat brain cortex after
different modes of cold exposure was histologically
examined.

Materials and methods

The research design was approved by the
Bioethics Committee of the Institute for Problems
of Cryobiology and Cryomedicine of the NAS
of Ukraine. The experiments were performed in
accordance with the provisions of the Law of Ukraine
‘On the Protection of Animals against Cruelty’
(No. 3447-1V of February 21, 2006) and European
Convention for the Protection of Vertebrate Ani-
mals Used for Experimental and Other Scientific
Purposes (Strasbourg, 1986). The research was perfor-
med in 6-month-old white outbred male rats.

Under STICE, the rats were kept at —12 or 10°C
in a cold chamber within 15 min of each hour, the
next 45 min they were outside the cold chamber at
22-24°C. In this way, STICE was performed nine
times during daylight. To simulate LTCCE, the
animals were kept in a cold room in separate cages
at a temperature of (5.5 = 1.5)°C for a month. Rats
were divided into the following groups (n = 5 in
each): intact (control); STICE 10°C; STICE —12°C,
and LTCCE. Animals were sacrificed by deca-
pitation.

The brain cortex histology was performed
according to the standard technique: the removed
brain tissue fragments were fixed in a 10% solution
of neutral formalin for 24 hrs. After washing out,
the fixed material was dehydrated in alcohols of
increasing concentration and embedded into pa-
raffin. The resulting 6-8 pm thick slices were
haematoxylin and eosin stained. The preparations
were examined, photographed and digitised using
an AmScope IN300T-FL light microscope (Amscope,
USA) and a Tucsen TCC-50ICE camera (Tucsen,
UK). Parameters of video camera aperture, illu-
mination and microscope magnification were con-
stant (x 160). For visual and fractal analysis,
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cuimiHoM 1 eo3uHoM. [lpemaparu BuBuamu, ¢oro-
rpadyBasii i onM(pOBYBANIM 3a JOIOMOTIOIO CBIT-
noBoro Mikpockomna «AmScope IN300T-FL» (Ams-
cope, CIIIA) i doroxamepu «Tucsen TCC-50ICE»
(Tucsen, Benuka bpuranis). [Tapamerpu miadparmu
BiJIcOKaMepH, OCBITICHHS Ta 30UIBIICHHS MiKpO-
ckorra Oynmu moctianME (X 160). s BizyaasHOTO
1 (bpakrampHOTO aHANMi3y Oyno 3amucano 100 300pa-
keHb. Opakransay po3mipHicTs (FD) 3piziB Mo3Ky
po3paxoByBanu 3a pomnomororo nakera «Fractal Box
Counting mis Imagel 1.53t» (National Institutes of
Health, CIIIA) [21].

Craructuyny oOpoOKy pe3ynbTariB IMPOBOAMIH
METOZIOM OIHO(AKTOPHOTO AHMCIIEPCIHHOTO aHAIIi3y
«ANOVAY, BIIMIHHOCTI BBa)XKalH 3HAYYLIMHU MIPH
p <0,05.

Pe3ysnbTaTn Ta 00rOBOpeHHS

MienoapXiTeKTOHIKA KOPH MO3KY IIypiB KOH-
TPOJNLHOI TPYIH BHSBISUIACS Y BHIVISIII CMYT MoJie-
KYJIIPHOTO, 30BHIITHHOTO Ta BHYTPIITHBOTO 3E€pPHU-
CTHX Ta TaHDIIOHAPHOTO HIapiB (PUCYHOK, A). Byno
BUAHO TOOAMHOKI (ibpobmactu 1 makpodaru Ta
Oarato KpoBOHOCHHX cyauH. [lepeBakano piBHOMIp-
He 3a0apBleHHST HEHPOIIA €03MHOM (PHUCYHOK, A),
SIKe CBITYMTH TPO OIHAKOBHI BMICT BOAU y OioKO-
JI0iaX MUTOIUIA3MU CKJIaIOBUX HEHPOMiIs (aKCOHIB,
JNEHAPUTIB, CHHAIICIB, BIAPOCTKIB acTporwmriB) [1,
10]. [Micasa KITXB —12°C y kopi MO3Ky IIypiB Bia3HAa-
qacs O3Hakd (GOpMyBaHHs MOPHCTOTO HEHpOIiIs
(pucyHok, B), To6T0 momipHe HaOyXaHHS MIKpOTIii
Ta TIOMIpHUW TepwBAcCKyLIpHHA HaOpsk [1, 10].
Ha Tmi 30epeskeHOl IHMTO- 1 Mi€I0APXITCKTOHIKU
CrioCTepiraiancs HeMPOHH 3 HTOMIPHUM M€ PULISITIONSP-
HUM HaOpSIKOM, TEMHOIO LUTOILUIa3MOI0 Ta JUCTPO-
¢GiuHUMH 3MiHaMHM, 3 sApamMH Ha Pi3HHUX CTalisix
HEKpo0io3y, a TaKOK BeNHKa KiIBKICTh DIiaTbHUX
kiTuH (pucyHok, B). Kpim Ttoro, cmocrepiramucs
MOOAUHOKI JpiOHI OCepeAKH HEKPO3y 3 SBUILAMH
TJTi03Y 1 CATEIITO3Y.

IlopiBHsmpHUE aHam3z nBox pexnmi KIIXB
—12 ta 10°C BusBuB momiOHI maToMopdOIOTivHI
3MiHHM, a caMme: JIOKAJIbHUH TOMIpHUN IIepHUBacKy-
JIIPHUN Ta TEPULCTIONAPHUN HaOpsK, auctpodid-
HO 3MIiHCHI HEHpPOHM; HEHPOHU 3 siApaMU Ha Pi3HUX
cTamisix HekpoOiody (pucyHoK, B) Ta 30inbmeHHs
KUTBKOCTI CBITINX HeHpoHiB (pucyHok, C); mpiO-
Hi TIOOIMHOKI OCEPENKH HEKPO3Y 3 SBUIAMH TII03Y
tomo. 3a KIIXB 10°C cmoctepiranu momipHe po3-
LIMPEHHS Ta MOBHOKPOB’S MIKPOCYIWH, TOAI K 3a
KIIXB —12°C BoHu Oynu momipHO a00 MOACKYIH
pI3KO 3BY)KEHI Ta 31 CIIAOKUM KPOBOHAITOBHEHHSM.
ITo nepudepii ocepenkiB HeKpo3y abo M03a HUMHU
Y YaCTHHU CY/IUH CIIOCTEPITavcs 03HAKH 3aIalieHHS,
ronekyau Tpom0603 (pucyHok, B ta C).
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100 images were recorded. The fractal dimen-
sion (FD) of brain slices was calculated using
the ‘Fractal Box Counting package for ImageJ 1.53¢’
(National Institutes of Health, USA) [20].

The results were statistically processed using the
one-factor ‘ANOVA’ analysis of variance, differen-
ces were considered significant at p < 0.05.

Results and discussion

Myeloarchitectonics of the brain cortex in the
control group rats was manifested in the form of
bands of molecular, outer and inner granular and
ganglionic layers (Figure, A). Single fibroblasts and
macrophages and many blood vessels were visible.
A uniform staining of neuropil with eosin prevailed
(Figure. A), thus evidenced an equal water content
in cytoplasmic biocolloids of neuropil components
(axons, dendrites, synapses, astrocyte processes)
[1, 5]. After STICE -12°C, the signs of ‘porous’
neuropil formation (Figure, B), i. e. a moderate
swelling of microglia and moderate perivascular
edema were observed in rat brain cortex [1, 5].
Against the background of preserved cyto- and
myeloarchitectonics, the neurons with moderate
pericellular edema, dark cytoplasm and dystrophic
changes, with nuclei at different stages of necrosis,
as well as a large number of glial cells were seen
(Figure, B). In addition, single small foci of nec-
rosis with the phenomena of gliosis and satellitosis
were noted.

Comparative analysis of two regimens of STICE
—12 and 10°Crevealed similar pathomorphological
changes, namely the local moderate perivascular
and pericellular edema, dystrophically altered
neurons, those with nuclei at different stages of
necrobiosis (Figure, B), an increased number of
light neurons (Figure, C); small single foci of necro-
sis with gliosis, etc. Under STICE 10°C, the mo-
derately dilated and full-blooded microvessels
were observed, whereas under STICE —12°C, they
were moderately or somewhere sharply narrowed,
with insufficient blood filling. Some vessels had
the signs of inflammation, somewhere thrombosis
on the periphery of necrotic foci or outside them
(Figure, B and C).

After LTCCE, a significant swelling of microglia
and severe perivascular edema of vessels occurred,
that characterised the ‘porous’ neuropil formation
(Figure D) and, particularly, indicated ischemia [4].
Dystrophically altered neurons, those with nuclei
at different stages of necrobiosis, neurons with
light cytoplasm and pericellular edema, and single
glial cells were also noted. The number of neurons
in the field of view was lower than at STICE. There
were single small foci of necrosis with gliosis,
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Kopa rornoBHOro Mo3ky Lypa nicns pisHUX pexumis Xonogosoro Brnuey: A — koHTponb; B — KIMXB -12°C; C — KIMXB
10°C; D — TBXB. OsHaku (B) i dhopmysaHHs (D) nopuctoro Henponing (3ipoyka), rmiansHi KNiTMHW (TOYKOBE KOMO), HEN-
POHM i3 TEMHOIO LIMTONIa3MOI0 Ta SApamMm Ha PisHNX CTadisax Hekpobiody (6inui oBan), HEMPOHW i3 CBITMOK LIMTONIa3MO
(wTpnxoBaHe Kono), nepnBackynsapHuii Habpsik, Tpomb, 3ByxeHHs (B) Ta poswmpeHHs (C) mikpocyauHu (cTpinka). 3abap-
BMEHHS reMaToKCUITIHOM | €031HOM.

Brain cortex of rat after different modes of cold exposure: A — control; B — STICE -12°C; C — STICE 10°C; D —
LTCCE. Signs (B) and formation (D) of ‘porous’ neuropil (asterisk), glial cells (dotted circle), neurons with dark
cytoplasm and nuclei at different stages of necrobiosis (white oval), neurons with light cytoplasm (dashed circle), peri-

£ 8 ’ L vo et

vascular edema, thrombus, microvessel narrowing (B) and dilation (C) (arrow). H&E staining.

MMicnis TBXB BinOyBamucst icroTHe HaOyxaHHS
MIKpOIIii Ta BUpPa)KeHUH NMEPUBACKYISPHUA HaOPsK
CYIMH, IO Xapakrepu3ye (hopMyBaHHS MOPUCTOTO
Helporing (pucyHok, D) Ta, 30kpeMa, € 03HAKOIO
imemii [9]. Takox Bim3Hauanu OUCTPO(DIYHO 3Mi-
HEH1 HEHpOHU, HEHPOHU 3 sIIPaMU Ha PI3HUX CTaIisAX
HEKpo0io3y, HEWPOHH i3 CBITJIOI0 LUTOILIA3MOIO 1
MEPUTICTIONSIPHAM  HAOPSKOM, TIOOJMHOKI Tialb-
Hi KritiHA. KinbkicTh HEHpOHIB y momi 30py Oyna
Mmenme Hix 3a KIIXB. Crnocrepiranmcs mooanHOKi
JIpiOHI OcepeaKy HEKPO3y 3 SBHIIAMH TITi03Y, TOMip-
HO PpO3IIUpPEHi Ta TOMIPHO IMOBHOKPOBHI MIiKpoO-
CYy[MHH, YaCTHHA 3 SKHX MaJjla O3HAKH 3allajeHHs Ta
TpoMOO3y.

Jnst OiHKM CTPYKTYpHOI CKJIaZHOCTI 300pa-
JKeHHsT po3paxoByioTh FD, sika BBakaeTbcs OLIBII
YYTIMBUM TIOKa3HMKOM 1 KiJBKICHO XapaKTepu3ye
MopdoItoriuHi 3MiHH, SKi aHATI3YIOTHCS BHUKIFOYHO
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moderately dilated and moderately full-blooded
microvessels, some of which showed the signs of
inflammation and thrombosis.

To assess the structural complexity of an image,
the FD is calculated. It is considered to be a more
sensitive index, and it quantitatively characterizes
the morphological changes that are analysed only
subjectively. Fractal analysis enables to characterise
biological structures with a complex tree-like bran-
ching shape and fractal properties: self-similarity
and self-repeatability, i. e. the objects composed of
the n number of parts, each of them being similar to
the whole structure [14]. In more detail, the FD is
a degree of space filling by structure and the extent
of the organization’s complexity (including the one
of branching): an object with FD value = 1 virtually
does not fill the space, but with FD = 2 it fills almost
all available space [15]. The calculation showed
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cy0’extuBHO. DpakTadbHUN aHami3 JO3BOJISIE OXa-
pakrepuzyBaté OiOJOTiYHI CTPYKTYpH 31 CKIIQJHOIO
JIEPEBOTIONIOHO PO3Trally’)KeHO (OPMOIO 1 BIIACTH-
BOCTSIMHM (ppaKTajiB — CaMOMOAIOHICT Ta CaMo-
MTOBTOPIOBAHICTh, TOOTO OO0’€KTH, CKIaACHI 3 #-01
KIJIBKOCTI YacTHH, KOKHA 3 SIKHMX IOAIOHAa 10 Bciel
¢birypu 3aranom [16]. Jeramerime, FD € nokasxu-
KOM CTYTIGHSl 3allOBHEHHS CTPYKTYpPOIO MPOCTOPY
Ta MIpPOI0 CKIATHOCTI opraHizamii (y TOMy YHCII
H Mipol0 pO3TaldyXEeHOCTi): 00’€KT 13 3HAYCHHSIM
FD = 1 mpakTu4HO HE 3alOBHIOE MPOCTip, a i3
FD = 2 3anoBHIO€ IpaKTHUYHO BECh AOCTYIHUHN NpoC-
Tip [4]. Po3paxyHOK MoOKa3aB AOLUIBHICTH 1 UyT-
muBicte FD ms onmcy mopdonoriyaux 3MmiH i1 ckia-
HOCTI CTPYKTYp TOJIOBHOTO MO3KY [4], crienugigyanx
KOPTHUKAJILHUX XapaKTePUCTHK, TIOB I3aHUX 13 BILIHU-
BOM OXOJIO/DKECHHS Ha opraHisMm [3], BikoBUMH a0o0
TaTOJIOTIYHUMHU TIporiecamu [ 18].

Otxe, FD 3piziB kopu Mo3ky m1ypiB miciss KITXB
—12°C Ta TBEXB 3nauyme 3MeHmryBaiacs (Ta0im-
11s1), TOOTO y HHX YMOBax 3a 30epeKeHOi 3arajb-
HOi apXiTEeKTOHIKM MO3KOBOi TKaHHMHH BinOyBajacs
nepeOynoBa HEHpoO-TITianbHO-EHIOTENIaTbHUX B3a€-
Momii y OiK 3MEHIICHHS! CTPYKTYpHOI CKJIagHOCTI,
IO i BUSBJSIETHCA 3a jonoMororo aHanizy FD. Crin
3a3HAYUTH, MO0 HEHUPOHHI MEXaHI3MH, SIKi JIekKarb
B OCHOBI 3HW)KCHHS KOPTHKAIBLHOI CKIIQIHOCTI, IIIe
He Bu3HaveHi [18]. Bucoki mokasnmku FD xapak-
TepU3yIOTh AaKTHBHY KOTHITHBHY MisUTBHICTH, a i
3HIDKCHHS BiOYyBA€ThCS 3 BIkOM ab0 Ha T HEHpo-
JeTeHepaTHBHUX 3aXBopioBanb [17, 18].

Binomo, mo ¢ysKIioHaasHa aKTUBHICTH, BiTHOB-
neHHs 1 3arubenp HeliponiB [THC minrpumyroThest
B32EMOJIISIMU 3 aCTPO- Ta OJITOACHAPOIUTAMHU, SKi
3a0e3MevyloTh NEeBHUH OanaHC 10HIB, POCTOBHX 1
TpooreHHUX (HaKTopiB y MDKKIITHHHOMY IIPOCTOPI,
a TaKOXX BU3HAUYAIOTh PIBEHb MeTa0oIi3My HeEWpo-
MeEJIiaTopiB, 1[0 BUBLILHIOIOTHLCS B POIIECI CHHANITHY-
Hoi nepenayi [7]. HelipoHn BONOIIIOTH MONEKYJISp-
HUMH MeXaHi3MaMH BIAIMOBiAI Ha BIUIMB €K30- Ta
SHIOTCHHUX (PaKTOpiB (Y TOMY YHCII W ITOTITKOIKY-
[OYNX), y peamizaiii SKuX BaXJIUBY POJib BiIirpa-
FOTh CIIeIliaTi30BaHi IIialbHi KIITHHH, 0 MITPYIOTh
0 VIIKODKEHUX HelpowiB. Ilpu 1mpoMy cmocrtepi-
racTbcs (EHOMEH TICPUHEHPOHAILHOTO TITiaJIBHO-
KIITHHHOTO caTeniTo3y 1 mmosy [5, 6, 10, 20]. Ile-
PUIICITIONSIPHUI 1 MIEPUBACKYIIIPHUIA HAOPSIK Cympo-
BOIDKYETHCS BaKyONi3alli€l0 JCHIPUTIB 1 HEHpo-
mina [1, 19]. Yactuna piguHu, sSIKy BXKe HE YTPUMY-
I0Th OIOKOJNIOIIM UUTOIUIa3MH, TpaHCPOPMYEThCS
y BUIBHMH CTaH 1 NEpPEeXOOUTb y MDKKIITHHHUH
mpocTip. BHacmigok 4Yoro 3HIKYETHCS BMICT iH-
TPAIENTIOISIPHO] BOMIH, IO CYyNPOBOMKYETHCS 3MEH-
MIEHHSAM CTPYKTYpPHHX TIPOSIBIB HaOpsKy-HaOyxaH-
Ha HeWporisa. [Ipu 1poMy MepeBakaroTh SBHINA
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the expediency and sensitivity of FD for describing
morphological changes and complexity of brain
structures [15], specific cortical features associated
with cooling impact on the body [12], and age-related
or pathological processes [17].

Thus, the FD of cortical slices of rats after STICE
—12°C and LTCCE significantly reduced (Table),
i. e. under these conditions with preserved general
architectonics of the brain tissue, the neuro-glial-
endothelial interactions were rearranged towards
a decrease in structural complexity, as revealed by
FD analysis. Notably, that the neural mechanisms
underlying the reduced cortical complexity have not
been determined yet [17]. High FD scores charac-
terise the active cognitive activity, and its decline
occurs either with age or against the neurodege-
nerative diseases [16, 17].

It is known that functional activity, recovery and
death of CNS neurons are supported by interac-

dpakTanbHa po3MipHICTb 3pi3iB KOPU rONMOBHOMO MO3KY
LypiB nicnsa xonogosux Bnnmeis, M+ S
Fractal dimension of cortical slices of rats after
cold exposure, M+ S

pynu wypis 3HaueHHA FD F kputnuue; P
Groups of rats FD values F critical; P
KowTpone 1,854 + 0,001 -
Control
KMXB 10 °C .
STICE 10°C 1,873 + 0,001 18,513; 0,74
KMNXB -12°C .
STICE 12°C 1,735 = 0,001* 18,513; 0,03
TBXB .
LTCCE 1,788 + 0,001* 18,513; 0,03

MpumiTka: * — BiAMIHHOCTI 3HauyLLli MOPIBHSAHO 3 KOHT-
ponewm, p < 0,05.

Note: * — differences are significant if compared with the
control, p < 0,05.

tions with astro- and oligodendrocytes, ensuring
a certain balance of ions, growth and trophogenic
factors in intercellular space, and determine the
metabolism level of neurotransmitters released
during synaptic transmission [2]. Neurons possess
molecular mechanisms of response to the impact
of exogenous and endogenous factors (including
damaging ones), in the implementation of which an
important role belongs to the specialised glial cells
that migrate to the damaged neurons. At the same
time, the phenomenon of perineuronal glial-cell
satelliteosis and gliosis is observed [1, 5, 19, 22].
Pericellular and perivascular edema is accompanied
by vacuolisation of dendrites and neuropil [9, 18].
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HaOyxaHHS 1 Bakyonizauii JEHIPUTIB, HaOyXaHHA
acTpouutiB Hedpormina. HaOpsk 1 HaOyxaHHS po3-
IISIIAIOTBCS. K B3a€MO3B’S13aHI MPOSIBH  TUC(HYHK-
1ii BOIHO-EJICKTPOJITHOrO O0OMIHY, SIKi HPU3BOAATH
a00 710 HEe3BOPOTHOI TiapomniyHoi aucTpodii, abo 10
BIIHOBJICHHS BONHO-IOHHOTO OajaHCy 1 Timpartariii
KIITHHHAX OUTKIB [1, 6, 19]. Taki 3BOpOTHI 3MiHH Cy-
MIPOBOKYIOTBCS JECTPYKINEI0 YaCTHHU HEHPOHIB.
KpiMm TOTO, 1HKONIHM BUSBISETHCS HAOPSAK TITATBHUX
KIITHH 1 NEpULETIONsIpHUI HaOpsIK OKpeMUX HeEH-
powiB. [loMipHuii nepunentonsipauii HaOpsIK € mapa-
HEKpOTUYHUM (00OpoTHUM) TmporecoM. KirrodoBy
pONb Yy PpO3BUTKY HaOpsKy-HaOyXaHHSA Biirpae
akBamopuH 4 — TpaHcMeMOpaHHHH OiIOK BOAHUX
KaHaJliB KJIITHHHUX MeMOpaH, SIKHH peryIioe TpaHc-
ITOPT BOZIM MiK KPOBOHOCHUMH CYIWHAMH 1 aCTPOITH-
TaM{d Ta € OCHOBHMUM BOJHWUM KaHaJOM Y KIIITHHAX
HHC [12, 24].

Bucoka mBHAKICTE OKHMCHIOBAJIBHOI MeETa0OMid-
HOI aKTMBHOCTI SK TIEPIINH aJanTHBHUN MEXaHi3M
MIPOTH XOJIOAOBOTO BIUIUBY TNPHU3BOAWTH JO 301Jb-
LICHHS TPOAYKUil akTMBHUX ()OpPM KHCHIO Ha Tii
HU3BKO1 KOHIEHTpalii eHA0OTeHHUX aHTHOKCUAAHTIB,
HACIIIAKOM YOTO € OKHMCHIOBUIBHUMA cTpec. AKTH-
BYIOTBCS TIEPEKHCHI IMPOLIECH, TOLIKOLKYIOTECS MEM-
OpaHM 1 LUTICHICTh TKAHHH, IO CIPHI€E BUHITKOBIH
Bpa3JIMBOCTI MO3KY [8], mopyuIyeTbcs eHepreThy-
HUAW MeTa0oJi3M MITOXOHAPIHA, MO0 BUKIUKAE 3aru-
0elTb HEMPOHIB MIIIXOM HEKpo3y abo amonTosy [14].
[Ipu oMy peaxitiss HEHPOHIB HA IeH MOMUPEHUI
CTpPEeC y MO3Ky HEOTHAKOBA: SIKIIO OUIBIIICTh HEH-
POHIB MOXYTh BIOpATHCS 31 30ITBIICHHSIM OKCH-
JTATHBHOTO CTPECy, TO OKpEeMi MOIYJIAIii HEPBOBHX
KIIITHH € BPa3lMBUMH 1 3a3BMYail MEpIIMMHU BTpa-
YaroTh QYHKIIOHAJBHY aKTUBHICTD i THHYTH [24].

Bazorennnii nepuBackynsspHuil HaOpsK, JereHe-
palis/HeKpo3 HEHPOHIB 1 MEPULETIONAPHUI HaOpsK
y TOJOBHOMY MO3KY MOXYTh BUHHUKAaTH Yy pa3i He-
MOXITUBOCTI aJaNTyBaTHCA IO XOJIOJOBOTO BILIHBY
Ta 3a MOJAJBIIIOr0 PO3BUTKY Timorepmii [9], a BHac-
JIOK imremii YIIKODKYIOTBCS ~ACTPOIMTH, JIHC-
(GYHKITS SIKAX MOXKE TMPHU3BECTH 10 3armdeni ado
ropymeHHs (QyHKITIOHATBHOI aKTUBHOCTI HEHPOHIB
[11].

V HelpoHi 3a YMOB BUYEpITaHHS a00 CIIOTBOPEH-
HS BCIX 3aXHCHUX MEXaHI3MIiB aKTHBYIOTHCS CKJIaIHI
MOJICKYJISIpHI CHCTEMH, SIKi peasizyloTh HOro 3aru-
0enb aKTHBAIIE€I0 TMPOIECIB aronTo3y ado HEKPOo3y
[5]. OctanHi NpoTiKaIOTh y KIITHHAaX Oe3mepepBHO,
1o 3a0e3neuye roMeocTas i HopMaibHYy )KUTTE1SUThb-
HICTb OpraHi3My Ta CHpusi€ CTUMYIIOBaHHIO (i3ioio-
riunoi pereneparitii. CTpyKTYpHI  ITOIIKOKECHHS/
3MIHM Y TKaHMHAX MO3KY BITHOCSITHCS JIO «EBOJIO-
IIHO KOHCEPBAaTHUBHUX» 1 aKTUBYIOTh ONTHUMAaJbHI
aJaTUBHO-TIPUCTOCYBAIBHI peakii [2].
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A part of fluid, which is no longer retained by
cytoplasmic biocolloids, is transformed into a free
state and passes into an intercellular space.
As a result, the content of intracellular water
decreases, accompanied by diminution of structural
manifestations of edema-swelling of neuropil.
Herewith, the phenomena of swelling and dendrite
vacuolisation, swelling of neuropil astrocytes prevail.
Edema and swelling are considered as interrelated
manifestations of water-electrolyte metabolism
dysfunction, resulting in either irreversible hydropic
degeneration or restoration of water-ion balance
and hydration of cellular proteins [1, 9, 18]. Such
reversible changes are accompanied by destruction
of some neurons. In addition, glial cell edema
and pericellular edema of individual neurons are
sometimes detected. Moderate pericellular edema
is a paranecrotic (reversible) process. A key role in
the edema-swelling development belongs to aqua-
porin 4 — a transmembrane protein of cell membrane
water channels that regulates water transport bet-
ween blood vessels and astrocytes and is the main
water channel in CNS cells [7, 24].

A high rate of oxidative metabolic activity as
the first adaptive mechanism against cold exposure
leads to an increase in production of reactive oxygen
species against a background of low concentration
of endogenous antioxidants that results in oxidative
stress. Peroxidation processes are activated, the
membranes and integrity of tissues are damaged,
thus promoting an exceptional vulnerability of the
brain [3], and a disorder in mitochondrial energy
metabolism that entails neuronal death via necrosis
or apoptosis [11]. At the same time, the response
of neurons to this widespread stress in the brain is
not uniform: while most neurons can cope with an
increase in oxidative stress, certain populations of
nerve cells are vulnerable and are usually the first
to lose functional activity and die [24].

Vasogenic perivascular edema, neuronal degene-
ration/necrosis and pericellular edema in the brain
may occur in case of inability to adapt to the cold
exposure and further development of hypothermia
[4], but as a result of ischaemia the astrocytes are
damaged, whose dysfunction can lead to death or
impaired functional activity of neurons [6].

In a neuron, when all defence mechanisms are
either exhausted or distorted, the complex mole-
cular systems, implementing its death by trig-
gering apoptosis or necrosis, are activated [22].
The latter occur in cells continuously by ensuring
homeostasis and normal vital activity of the body
and promoting stimulation of physiological
regeneration. Whereas the structural damages/
changes in brain tissue are referred to the ‘evo-
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Ha namy mymky, BusiBneHi Mopdosoriuni 3MiHU
MOXYTh TaKOX CBIIYMTH NP0 HE3aBEPILEHICTH 3a
ymoB KIIXB i nepenamnpysxenicts npu TEXB mpo-
IeciB ajanraiii, ToMmy mpobiema moTpedye momas-
LINX JTOCIIKEHbD.

BucHoBku

OTxe, y KOpi TOJOBHOTO MO3KY IIypiB IIiCIIA
KOPOTKO- Ta JOBTOTpHMBaMX XB BimOyBaroThCs
noAi0Hi, ane pi3Hi 32 BUPAKECHICTIO 3MiHH, OUTBILICTD
AKX MalTh OOOPOTHHH KOMIIEHCAaTOpPHO-aarl-
TUBHHH Xxapaktep. Ha Tii 30epeskeHoi uTo- 1 Mieso-
apXiTEKTOHIKM BiI3HAYAIOTHCS IEPUBACKYIISIPHHUNA
1 TmepULemoNIpHUNA HaOpsAK, IpiOHI MOOIUHOKI
OCEpEeIKM HEKPO3y 3 SIBUIIAMHU IJIi03y, MOPUCTHHA
Hetiporisb (3a ymoB KIIXB —12°C — o3Hakw, Tic-
ns TBXB — dopmyBanHs), aucTpodidHo 3MiHEHI
HEUpPOHM, HEHPOHW 3 SAOpaMH Ha PI3HUX CTaIisfX
HeKpoOiozy. YacTHA MIKPOCYIMH Ma€ O3HAKH 3a-
manerHs. Ilicma KIIXB 3a 10°C cmoctepiraeThbest
moMipHe posmupeHHs, a 3a —12°C — 3ByXeHHS
MIKpOCYIMH. 3Hadylle 3MEHIICHHS (paKTanbHOL
PO3MIPHOCTI 3pi3iB KOpPU MO3KY BHUSBISETHCA 32
ymoB KIIXB —12°C ta TbXB.
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lutionarily conservative’ and activate the opti-
mal adaptive reactions [8].

We believe that the revealed morphological
changes may also indicate the incompleteness
of adaptation processes under STICE and their
overstrain at LTCCE, therefore this issue is to be
further explored.

Conclusions

Thus, in the rat brain cortex after short- and
long-term CA, the similar but different in severity
changes occur, most of which have a reversible
compensatory-adaptive nature. Against the back
ground of preserved cyto- and myeloarchitec-
tonics, the perivascular and pericellular edema,
small single necrotic foci with gliosis, ‘porous’
neuropil (the signs under STICE —12°C, and for-
mation after LTCCE), dystrophically altered neurons,
neurons with nuclei at different stages of necrosis were
observed. Some microvessels showed the signs of
inflammation. After STICE at 10°C, a moderate
dilation was noted, and at —12°C the microvessels
were narrowed. A significant decrease in the
fractal dimension of cortical slices was found
under STICE —12°C and LTCCE.

References

1. Bai J, Lyden PD. Reuvisiting cerebral postischemic reperfusion
injury: new insights in understanding reperfusion failure,
hemorrhage, and edema. Int J Stroke. 2015; 10(2): 143-52.

2. Bradl M, Lassmann H. Oligodendrocytes: biology and pathology.
Acta Neuropathol. 2010; 119(1): 37-53.

3. Coimbra-Costa D, Alva N, Duran M, et al. Oxidative stress and
apoptosis after acute respiratory hypoxia and reoxygenation in
rat brain. Redox Biol. 2017; 12: 216-25.

4. Elshama SS, Osman H-EH, El-Kenawy AEI-M. Postmortem
diagnosis of induced fatal hypothermia in adult albino rats. Rom
J Leg Med. 2016; 24(2): 106-14.

5. Garman RH. Histology of the central nervous system. Toxicol
Pathol. 2011; 39(5): 22-35.

6. Ito U, Hakamata Y, Kawakami E, Oyanagi K. Degeneration of
astrocytic processes and their mitochondria in cerebral cortical
regions peripheral to the cortical infarction: heterogeneity of
their disintegration is closely associated with disseminated
selective neuronal necrosis and maturation of injury. Stroke.
2009; 40(6): 2173-81.

7. Kitchen P, Salman MM, Halsey AM, et. al. Targeting Aquaporin-4
Subcellular Localization to Treat Central Nervous System
Edema. Cell. 2020; 181(4): 784-799.e19.

8. Kryzhanovsky GN. [General pathophysiology of the nervous
system: A guide.] Moscow: Meditsina; 1997: 351 p. Russian.

9. Kvitnitsky-Ryzhov YuN. [Edema and swelling of the brain]. Kyiv:
Zdorovia; 1978: 184 p. Russian.

10.Launay J-C, Savourey G. Cold adaptations. Ind Health. 2009;
47(3): 221-27.

199



regions peripheral to the cortical infarction: heterogeneity of
their disintegration is closely associated with disseminated
selective neuronal necrosis and maturation of injury. Stroke.
2009; 40(6): 2173-81.

12.Kitchen P, Salman MM, Halsey AM, et al. Targeting aquaporin-4
subcellular localization to treat central nervous system edema.
Cell. 2020; 181(4):784-99.

13.Launay J-C, Savourey G. Cold adaptations. Ind Health. 2009;
47(3): 221-27.

14.Liu J, Wang A, Li L, et al. Oxidative stress mediates hippo-
campal neuron death in rats after lithium-pilocarpine-induced
status epilepticus. Seizure. 2010;19(3): 165-72.

15.Mékinen TM, Mantysaari M, Paakkonen T, et al. Autonomic
nervous function during whole-body cold exposure before and
after cold acclimation. Aviat Space Environ Med. 2008; 79(9):
875-82.

16.Mandelbrot BB. Fractals — form, chance, and dimension. San-
Francisco: WH. Freeman; 1977. 365 p.

17.Marzi C, Giannelli M, Tessa C, et. al. Toward a more reliable
characterization of fractal properties of the cerebral cortex of
healthy subjects during the lifespan. Sci Rep. 2020 Oct 12 [cited
2022 Nov 20]; 10(1): 16957. Available from: https://www.nature.
com/articles/s41598-020-73961-w

18.Meregalli V, Alberti F, Madan CR, et al. Cortical complexity
estimation using fractal dimension: A systematic review of the
literature on clinical and nonclinical samples. Eur J Neurosci.
2022; 55(6): 1547-83.

19.Nicholls JG, Martin AR, Fuchs PA, et al. From neuron to brain.
5th ed. Sunderland: Sinauer Associates; 2012. 768 p.

20.Pekny M, Pekna M. Astrocyte reactivity and reactive astrogliosis:
costs and benefits. Physiol Rev. 2014; 94(4): 1077-98.

21.Schindelin J, Arganda-Carreras |, Frise E, et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods.
2012; 9: 676-82.

22.Tansey EA, Johnson CD. Recent advances in thermoregulation
(Review). Adv Physiol Education. 2015; 39(3): 139-48.

23.Wang H, Wang B, Normoyle KP, et al. Brain temperature and
its fundamental properties: a review for clinical neuroscientists.
Front Neurosci [Internet]. 2014 Oct 08 [cited 2022 Nov 20]; 8:
307. Available from: https://www.frontiersin.org/articles/10.3389/
fnins.2014.00307/full

24 Wang X, Michaelis EK. Selective neuronal vulnerability to
oxidative stress in the brain. Front Aging Neurosci. 2010 Mar
30 [cited 2022 Nov 20]; 2: 12. Available from: https://www.
frontiersin.org/articles/10.3389/fnagi.2010.00012/full

200

11.Liu J, Wang A, Li L, et al. Oxidative stress mediates hippo-
campal neuron death in rats after lithium-pilocarpine-induced
status epilepticus. Seizure. 2010; 19(3): 165-72.

12.Lutsenko DG, Marchenko VS, Babiychuk VG. NO-Dependent
mechanisms of rhythmic cold exposures on functional
architectonics of microhemocirculatory bed in rat brain.
Problems of Cryobiology. 2011; 21(2): 117-24.

13.Méakinen TM, Mantysaari M, Paakkonen T, et al. Autonomic
nervous function during whole-body cold exposure before and
after cold acclimation. Aviat Space Environ Med. 2008; 79(9):
875-82.

14.Mandelbrot BB. Fractals — form, chance and dimension. San-
Francisco: W.H. Freeman; 1977. 365 p.

15.Maryenko NI, Stepanenko OYu. [Fractal analysis of human
cerebellum based on magnetic resonance imaging data: pixel
dilating method]. Morphologia. 2020; 14(3): 52—8. Ukrainian.

16.Marzi C, Giannelli M, Tessa C, et al. Toward a more reliable
characterization of fractal properties of the cerebral cortex of
healthy subjects during the lifespan. Sci Rep. 2020 Oct 12 [cited
2022 Nov 20];10(1): 16957. Available from: https://www.nature.
com/articles/s41598-020-73961-w.

17.Meregalli V, Alberti F, Madan CR, et al. Cortical complexity
estimation using fractal dimension: A systematic review of the
literature on clinical and nonclinical samples. Eur J Neurosci.
2022; 55(6): 1547-83.

18.Nicholls JG, Martin AR, Fuchs PA, et al. From neuron to brain.
5th ed. Sunderland: Sinauer Associates; 2012. 768 p.

19.Pekny M, Pekna M. Astrocyte reactivity and reactive astrogliosis:
costs and benefits. Physiol Rev. 2014; 94(4): 1077-98.

20.Schindelin J, Arganda-Carreras |, Frise E, et al. Fiji: an open-
source platform for biological-image analysis. Nat Methods.
2012; 9: 676-82.

21.Tansey EA, Johnson CD. Recent advances in thermoregulation
(Review). Adv Physiol Education. 2015; 39(3): 139-48.

22.Tumansky VA, Evseev AV, Polkovnikov YuF. Apoptosis and
selective necrosis of CNS neurons after clinical death and
cerebral ischemia: molecular mechanisms and morphological
features. Pathologia. 2008; 5(2): 19-28. Russian

23.Wang H, Wang B, Normoyle KP, et al. Brain temperature and
its fundamental properties: a review for clinical neuroscientists.
Front Neurosci [Internet]. 2014 Oct 08 [cited 2022 Nov 20]; 8:
307. Available from: https://www.frontiersin.org/articles/10.3389/
fnins.2014.00307/full

24 Wang X, Michaelis EK. Selective neuronal vulnerability to
oxidative stress in the brain. Front Aging Neurosci. 2010 Mar
30 [cited 2022 Nov 20]; 2: 12. Available from: https://www.
frontiersin.org/articles/10.3389/fnagi.2010.00012/full

npobnemu Kpiobionorii i KpiomeanUMHM

problems of cryobiology and cryomedicine
Tom/volume 33, N¢/issue 3, 2023



