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Ilesb pabOTHI. BhIsAB/IEHVE TIEPCITEKTUBHBIX TMATHOCTUYECKUX ¥ TPOTHOCTUYECKUX OMOMapKepPOB pas-
BUTHS ATOJIOTUTYECKHUX ITPOIECCOB HA OCHOBE 0COOEHHOCTEN MOP(MOJOTHUN ¥ HAHOCTPYKTYPhI MEMOpaH
SPUTPOIMTOB Y MMAIMEHTOB C HAPYIIEHUAMHU (PYHKIIMHU TOJIOBHOTO MO3Ta, HAXOSIIUXCS B OTIEJIEHIY aHe-
CTe3UO0JIOTUN U peaHUMalliu.

MarepuaJjsl M MeTOAbI. B rcciieqoBanye BRIIOYMIIN 24 MalieHTa OTAeJIeHUsI aHeCTe3NO0JIOTMH U pea-
anmanuu @HKI PP. KpoBb 3abupasiv y JaHHBIX TAIIMEHTOB JIJISI CTAHIAPTHBIX AaHAJIN30B, U BCE AJTbHEH-
III¥e WCCJIeTOBAHUS IIPOBOIWIIH in Vitro. I306paskeHUsI 9PUTPOIUTOB MOTYIAU C TOMOIIBIO aTOMHOTO CH-
sgosoro Mukpockona «NTEGRA Prima» (NT-MDT, Poccust) B IOJIyKOHTaKTHOM pesKUMe.

Pe3ynbTaThl. Y NalEeHTOB OTAe/IeHNA aHeCTe3U0JI0T MY U peaHUMAllUU C YepellHO-MO3T0BOH TpaBMOH,
HUIIEMAYECKAM U TEMOPPATTYECKUM UHCYJIBTOM, OTEKOM TOJIOBHOTO MO3Ta, ITOCTTUTIOKCUYECKOH 9HIeda-
JIOTIATHEN UMeJTU MECTO Pa3JIMIHbIE (POPMBI KJIETOK KPOBH, HA TOBEPXHOCTH MeMOPAHBI 9PUTPOIUTOB BO3-
HUKAJIA JIOKAJbHBIE e eKThI Pa3JIMTHON TOTIOJIOTHH: Ie(DEKTHI MTJIOPA, TOPA, HAHOCTPYKTYPHL.

3akJjrodyeHue. B TaHHOM MUJIOTHOM MCCJIEJOBAHUM MBI ITIOKA3aJIH, 4TO P 1eeKTOB SBJSAIOTCA CTap-
TOBBIM MEXaHH3MOB PAa3BHUTHUS TOTAJIHHBIX TOBPEKIeHN MeMOpaH. JIokaJbHbIe TOOTpaduiecKue e-
(peKTHI HAHOCTPYKTYP, a TaKKe HApyIIeHUsI MOP(OJIOTUH IPUTPOIUTOB HeoOpaTumbl. KosimyecTBo 1 Ka-
YeCTBO 9THX HApYIIEHWH B TMEPCIEeKTUBE MOTYT OBITh WMCIOJb30BAaHBI KaK [IHATHOCTHYECKUN U
MPOTHOCTUYECKUH OOMapKep MAaTOJIOTHYECKHIX ITPOIECCOB.

Kntoueswle cnosa: apumpoyumol; HALOCMPYKMYpa Memopar; amomHas CUL08ast MUKPOCKONUSL

The aim of the paper: to identify promising diagnostic and prognostic biomarkers of pathological processes
development based on the red blood cell membrane morphology and nanostructure in patients with brain
disorders in the Intensive Care Unit.

Materials and methods. The study included 24 patients from the anesthesiology and resuscitation ward
of the Federal Research and Clinical Center of Intensive Care Medicine and Rehabilitology. Blood was acquired
from the patients for standard tests, and all further tests were performed in vitro. The images of red blood cells
were obtained using the atomic force microscope «NTEGRA Prima» (NT-MDT, Russia) in semi-contact mode.

Results. Patients from the anesthesiology and intensive care ward with traumatic brain injury, ischemic
and hemorrhagic stroke, cerebral edema, and post-hypoxic encephalopathy had different blood cell shapes
and localized defects of different topology on the surface of erythrocyte membranes including defects of pallor,
torus, and nanostructure.

Conclusion. In this pilot study we have shown that several defects represent the trigger mechanisms for
the development of a total membrane damage. Local topographic defects of nanostructures and abnormalities
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of erythrocyte morphology are irreversible. The number and quality of these abnormalities may eventually be
used as a diagnostic and prognostic biomarker of pathological processes.

Keywords: red blood cells; membrane nanostructure; atomic force microscopy
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BBenenue

OJHOM 13 TPUOPUTETHBIX IIPOOJIEM peaHuMa-
TOJIOTUU SBJISIETCA HCCJIEJOBAHWE MEXaHU3MOB
pasBUTUA KPUTUYECKUX U TEPMUHAJBHBIX COCTOSI-
HUU HA OPTAaHHOM, KJIETOYHOM W MOJIEKYISPHOM
YPOBHSX [1, 2]. I3ydeHUro BOIIPOCOB, CBA3AHHBIX C
U3MEHEHUEM JPUTPOIUTOB NPU TePMUHATBHBIX
COCTOSTHUSIX, TIOCBSIIIIEH PSIJT MICC/IEIOBAHUH, IPOBE-
JIEHHBIX Ha KJIETOYHOM YPOBHE [3], OIHAKO, BOIIPOC
00 U3MeHEeHHsIX HAHOCTPYKTYPhI MEMOpPAH 3pUTPO-
LIMTOB MPHU PA3JTUYHBIX MTATOJOTUUECKUX COCTOS-
HUSX OCTAETCSI OTKPBITHIM. [Ipu psifie coCTOsTHUI
TaKUX Kak UIIeMUs], TUIIEPTOHUS, aTepPOCKIEPO3 B
OpraHu3Me NPOMCXOIUT KUCIOPOIHOE rOJIOIaHUE.
[TpoucxoguT n3MeHeHre MOP(OJIOTHN IPUTPOITH-
TOB — moukmaonuTo3 [4]. CocrossHre meMOpaH
3PUTPOIMTOB UTPaeT BAYKHYIO POJIb B COXpaHEHUH
WX IIEJIOCTHOCTH [5] ¥ B OCYILIECTBJICHUY UX Ira3o-
TPAHCIOPTHOU (PyHKIIUH [6].

B psime paboT rmokas3aHo, YTO HAHOCTPYKTYpa
MeMOpaH BJIMsIET Ha KECTKOCTH 9PUTPOITUTOB, a,
cJieJoBaTeJ IbHO, M Ha PE0JIOTHIO KPOBU B 11€JIOM U
Ha Ka4YeCcTBO Mepudepruieckoro KpoBOTOKa [7].
OCHOBHBIM TOKa3aTejieM (PYHKIIMOHUPOBAHUS
9PUTPOIUTA ABJISETCS CTAOMITBLHOCTH HAHOCTPYK-
Typbl MeMOpaHBI HA BCEX YPOBHSIX ee OpraHu3a-
nuu [8-10].

Takum 06pas3om, n3ydeHre HAaHOCTPYKTYPbI
MeMOpaH 3pUTPOIUTOB Y MAIIUEHTOB OT/IeJIeHUS
peaHuManuu sIBJSIETCS OTHOU M3 aKTyaJbHBIX
3anay4 peanumarosiornu [11-13].

BaskHbIM HampaBJieHHMEM pa3BUTHS COBpe-
MEHHOU MeIUITUHEI B I[eJI0M ¥ PEAaHNMAaTOJIOTUU
B YaCTHOCTH SIBJISIETCSI MPUMEHEHVe HOBEUIITUX
(pusmuecknx u 6MoPprU3NIECKUX METOTOB HCCIe-
JIOBAHUSI HAHOCTPYKTYP MeMOpaH 9pPUTPOIUTOB
(14]. HauboJsiee yHuBepCaIbHBIM U HH(POPMATUB-
HBIM METOAOM H3y4YeHUsI HAHOCTPYKTYPBbI MeM-
OpaHbI ABJISIETCS METOJ CKAHUPYIOIIEH 30HI0BOM
MHUKPOCKOTIUY, B YaCTHOCTH, aTOMHON CUJIOBOU
MUKpockonuu (ACM) [15-18]. IToT MeTox 1103BO-
JISIET PETUCTPUPOBATH HAHOCTPYKTYPY MEMOPAHBI
B IIITPOKOM JTHaIla30He ee N3MEHEeHU — OT MUK-
poHa 10 moJieit HaHoMeTpoB. ACM maeT BO3MOXK-
HOCTH 06HAPYKUTH MOP(OJIOTUYECKIE U3MEHe-
HUs Tpu 3abosieBaHusax [19], mpu ocTpon
KpoBonorepe [20] 1 mpU pa3JUYIHBIX (PUIUKO-
XUMUYECKUX BO3/IENCTBUSX [15]. ITO oTipenessieT-
Csl TeM, YTO IPU KPUTHUYECKUX COCTOSHUAX, IIPU
KPOBOTIOTEPSIX, TPU COYETAHHBIX TPAaBMax COOCT-
BEHHbIE IlapaMeTpbl MeMOpaH 3JPUTPOIUTOB
MEHSIOTCS B IIMPOKUX IIpejesax [21, 22].

Introduction

One of the key issues of intensive care is the
study of mechanisms of critical illness and terminal
states development at the organ, cellular and
molecular levels [1, 2]. Anumber of studies done at
the cellular level dealt with red blood cell alter-
ations in terminal states [3], however, the nanos-
tructure changes of the RBC membranes in various
conditions remained to be investigated. In various
diseases such as ischemia, hypertension, and
atherosclerosis, an oxygen starvation occurs in the
body. Erythrocyte morphology also changes —
poikilocytosis develops [4]. The state of erythrocyte
membranes plays an important role in the mainte-
nance of their integrity [5] and in gas transport
function [6].

Several studies have shown that the nanos-
tructure of membranes affects RBC stiffness and,
consequently, blood flow in general and the quality
of peripheral blood flow in particular [7]. The main
indicator of erythrocyte functioning is the stability
of the membrane nanostructure at all levels of its
structure [8-10].

Thus, the study of RBC membrane nanostruc-
ture in the intensive care unit (ICU) patients is one
of the key priorities of intensive care [11-13].

One of the challenges of contemporary
medicine, specifically, in ICU setting, includes to
study nanostructures of erythrocyte membranes
with the aid of the latest physical and biophysical
techniques [14]. The most universal and informative
technique for studying membrane nanostructures is
the scanning probe microscopy, namely, atomic
force microscopy (AFM) [15-18]. This method allows
to detect the wide range of the membrane nanos-
tructure changes, from microns to fractions of
nanometers. AFM helps to detect morphological al-
terations in diseases [19], acute blood loss [20], and
following the effects of various physical and chemi-
cal factors [15]. This is due to wide variations of ery-
throcyte membrane parameters in critical condi-
tions, blood loss, and combined traumas [21, 22].

The aim of this work was to reveal promising
diagnostic and prognostic candidate biomarkers of
pathological process development based on ery-
throcyte membrane shape and nanostructure in
patients with brain dysfunction in the anesthesiol-
ogy and resuscitation ward.

Materials and Methods

The research was conducted by the laboratory of

cell membrane biophysics in critical conditions of the
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Iesrb pabOTHI — BBISABIEHNE TEPCITIEKTUBHBIX
MUarHOCTUYECKUX U IIPOTHOCTUYECKUX OOMapKe-
POB pa3BUTHSA IAaTOJOTHYECKOTO IIporecca Ha
OCHOBe 0COOeHHOCTeH MOP(OIOTHY 1 HAHOCTPYK-
TYpbI MEMOpaH 3pUTPOIUTOB Y MAIlIEHTOB C HAPY-
IIEHUAMHI (DYHKIIN TOJIOBHOTO MO3Ta, HAXOSAIINX-
Cs B OT/IeJIEHUY aHECTE3NOJIOTUH M peaHVMAaIIHH.

MarepuaJ 1 MeTObI

Pabora BeIIOJTHEHA sTaboparopueir 6MOPUINKU
MeMOpaH KJIETOK NPU KPUTHYECKUX COCTOSHUSIX
HUMOP um. B. A. Herosckoro @HKII PP coBmecTHO €
Jaboparopureil MeTaboTMYECKON peabuIUTAIINN OT/Ie-
JeHus aHecTte3dnosiornu u peannmarnuu PHKI] PP

B uccienoBanue BKIIIOUMIU 24 TarieHTa OTIesie-
HUA aHecTte3nosoruy u peannmanuu ®HKII PP ¢ qe-
penHo-Mo3roBod TpaBMoii (UMT), uiieMruuecKUM U re-
MOpparu4ecKuM UHCYJIETOM, OTEKOM I'0JIOBHOTO MO3Tra
(OI'M), nocTrunokcuveckout annedasnonaruei (I113),
TpoMO030M BeH.

KpoBb 3abupanu y JaHHBIX MTAIUEHTOB JJIs CTaH-
JApTHBIX aHAJIM30B, U BCe AajbHelIINe UCClel0BaHus
NPOBOIUIIN in Vitro. Bce ncciieoBaHUA IPOBOAWIIN C
ydeToM TpeOoBaHMI XeJbCHHCKON JeKaapanuu Bce-
MHPHOU accounannu «TUYeCKUe IPUHITUITBI TPOBee-
HUA HAYYHBIX MEIUITUHCKHUX I/ICCJIeJIOBaHI/Iﬁ cyJactuem
yeJioBeKa» ¢ nonpaskamu 2000 1, a Takke ¢ HOpMaMu
arnyeckoro komurera PHKI] PP

ITocye 3abopa 10 MKJI e TbHOW KPOBU HAHOCHUJTU
Ha IIpeJMeTHOe CTEeKJIO U IIPUr0TABJIMBAIN MOHOCJION
9PUTPOLHTOB C ITOMOIIbIO Tpudopa «V-sampler, Vision
Microscopy» (ABcTpus).

V306paskeHus 9PUTPOIUTOB MOJIYUIAJIH C IIOMO-
MBI aTOMHOro cujoBoro Mukpockomna «NTEGRA
Prima» (NT-MDT, Poccus) B TIOJTyKOHTaKTHOM pesKAMe.
B kadecTBe 30HJOB HCIOJb30BAIUd KAHTUJIEBEPHI
NSGO1-A. Uucno Touek ckanupoBanus 512 n 1024, mosa
cranupoBanuda 100100 MKy, 10X10 MKM.

HcciienoBanue COCTOSIHUSA KJIETOK KPOBU M X
MeMOpaH BKJIIOYAJIO:

— aHau3 MOp(OJIOTUU SPUTPOIIATOB;

— aHaJIu3 pa3MepoB KJIETOK, aHU30I[UTO3a, IT0M-
KUJIOLIUTO33;

— OIIEHKY COCTOSTHUSI HAaHOCTPYKTYPBI MeMOpaH
9PUTPOIUTOB;

— OLIEHKY COCTOSIHHSI U COIepyKaHUsl B KPOBU
TPOMOOIIUTOB.

B kauecTBe I'pyIIbl CPABHEHUS UCIOJb30BAIU
9PUTPOIUTEI M MeMOpaHBI 3TOPOBBIX TOHOPOB U
HOPMBI, KOTOPbIE€ U3BECTHLI I10 JAHHBLIM JINTEPATYPHI, 1
HaMU HEOJTHOKPATHO OBLJIN OTIMCAHBI [7, 22].

Pe3ynbTaThl U 00CY:K/IEHHE

Y 300pOBOro 4eJ0BeKa OCHOBHYIO MaccCy
COCTABJIAIOT ~ 9PUTPOIUTBHI  JABOSIKOBOTHYTOMH
¢dopmbl — quckonuThI (80-90%). B HOpMe quameTp
apurporura cocrasjAa 7500+500 HM. MakcuMmalib-
Had BBICOTA TOpa AUCKOIUTA B MOHOCH0e — 1500
HM, BbICOTa BoaguHbl — 420 uM (7, 10, 22].

V naimeHToB, BKJIKYEHHbBIX B CCJIEI0BAaHUE,
HaOJTIOaI pas3udHble (DOPMBI 3PUTPOITUTOB
(rabsanna).

V. A. Negovsky Research Institute of General Reanimatol-
ogy of the Federal Research and Clinical Center of Inten-
sive Care Medicine and Rehabilitology (FRCCICMR) in
cooperation with the laboratory of metabolic rehabilita-
tion of the Anesthesiology and Resuscitation Department
of the FRCCICMR.

The study included 24 patients of the Anesthesiol-
ogy and Resuscitation Department of the FRCCICMR
with traumatic brain injury (TBI), ischemic and hemor-
rhagic stroke, brain edema, posthypoxic encephalopathy
(PHE), venous thrombosis.

Blood was taken from the patients for standard
tests, and all further tests were performed in vitro. All
studies were conducted in accordance with the require-
ments of the World Medical Association Helsinki Decla-
ration on the ethical principles of scientific medical re-
search involving human subjects, as amended in 2000, as
well as with the standards of the FRCCICMR Ethics Com-
mittee.

After 10 pl of whole blood had been collected, a
monolayer of red blood cells was prepared using the V-
Sampler, Vision Microscopy (Austria).

The images of red blood cells were obtained using the
atomic force microscope «NTEGRA Prima» (NT-MDT, Rus-
sia) in semi-contact mode. Cantilevers NSGO1-A were used
as probes. The number of scanning points was 512 and
1024, scanning fields were 100100 pm and 10X10 pm.

The study of the state of blood cells and their mem-
branes included:

— erythrocyte morphology analysis;

— analysis of cell size, anisocytosis, poikilocytosis
presence;

— assessment of nanostructure state of erythro-
cyte membranes;

— assessment of the condition and blood count of
platelets.

As a control group, we used erythrocytes and
healthy donor membranes and reference ranges taken
from the literature and repeatedly described in our pa-
pers as well [7, 10, 22].

Results and Discussion

In a healthy person, the bulk of the RBC
population is made up of double concave cells
called discocytes (80-90%). Normally, the ery-
throcyte diameter is 7500+500 nm. The maxi-
mum height of the discocyte torus in the mono-
layer is 1500 nm, the height of the central
indentation is 420 nm [7, 22].

Different shapes of red blood cells were ob-
served in the patients included in the study (Table).

Target cells, or codocytes, are cells with a thick-
ened center where hemoglobin accumulates. These
cells are large and heavily compacted, which pre-
vents their free passage through thin vessels.
Codocytes are typical for alpha- and beta-tha-
lassemia, hemoglobinopathy C and S, lead intoxica-
tion and liver disease, particularly prolonged me-
chanical jaundice. Codocytes are particularly
common in obstructive jaundice. Target cells have
increased sodium content and decreased potassium
content [23]. These cells (Fig. 1 a, b, ¢) were observed
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in 14 patients out of 24, on average, 20+8% per
smear. Codocytes were found in patients with trau-

throcytes are produced due to the increase of pH,
depletion of ATP stores [26], and also due to the in-
crease of intracellular calcium. They can be found
in uremia, transfusion of RBC suspension stored for
more than 3 weeks [27], peptic ulcer complicated
by bleeding, hypophosphatemia, hypomagne-
semia, hereditary deficit of pyruvate kinase or
phosphoglycerate kinase [23].

Echinocytes were observed in 18 out of 24 pa-
tients, on the average 26+4% per smear. Transfor-
mation of discocyte to echinocyte is reversible in
the early stages. If the cell stays in a state of
echinocyte for a long time, the loss of the mem-
brane lipid component occurs and the change of
shape becomes irreversible. This form of cells was
noted in patients with posthypoxic encephalopa-
thy, traumatic brain injury, ischemic and hemor-
rhagic stroke (Table 1).

Ovalocytes (Fig. 3) have typical oval or elon-
gated shape. Membrane or hemoglobin abnormal-
ities result into a change of cell shape. Ovalocytes
were observed in 2 out of 24 patients, with an aver-

Shapes
Codocytes

=
':'L-_ ‘3

Ovalocytes
TBI, ischemic stroke

IIpumeuanue. Red Blood Cells — apurpouutsr; shapes — dopmsr; defective — nedexrsr; platelets — Tpom6onuTsl; discocytes — nuckonuTsl; codocytes — kogouuTsl; echinocytes (burr cells) —

g matic brain injury, posthypoxic encephalopathy, is-
E chemic and hemorrhagic stroke, cerebral edema,
§ lower extremity venous thrombosis (Table).
s Abnormal erythrocytes are red blood cells that
_ g do not fall within the standard classification (Fig. 1
= § ' 5 d, e, f), they were observed in 17 out of 24 patients.
g g b On the average, 28+6% of abnormal cells were seen
® ©z2 ' z per smear in each patient.
Fi £ Stomatocytes have a slit-like central lumen
E % = (pallor). They are produced due to the increased
. s £ permeability of the membrane for sodium and
g —i g potassium. Stomatocytes with slit defects (Fig. 2 a,
= £ 5 b, c) were observed in 17 patients out of 24. The
g‘ g smears of each patient contain on the average
i E 16+4% stomatocytes with slit defects. These cells
= H £ are formed as a result of low pH, non-permeating
§ 2 i anions, cationic detergents, vitamin A. In a smaller
z & g number (approximately 3% of the total cell popu-
% é lation), stomatocytes can be found in obstructive
:: z liver disease, alcoholic cirrhosis, cardiovascular dis-
£ & ease, and malignant tumors [23]. Stomatocytes
g s Jn were observed in patients with lower extremity ve-
« o . . .
2 H _‘é nous thrombosis, cerebral edema, traumatic brain
E 8 g injury, posthypoxic encephalopathy, cerebral in-
& Fl £ farct (Table).
= + .
8| 5 2 Dacryocytes, or teardrop red blood cells (Fig.
§ §D % 2 d), have one large spicula. They were observed in
” = £ z 2 out of 24 patients with traumatic brain injury,
7} L7 = = = . .
HRES s| g £ with an average of 21+4% dacryocytes per smear in
% E - - f E each patient with TBI. Such cells are most often de-
| (2 3 - e tected in myelofibrosis [24] and in various forms of
2] <) . . . . . .
3 E z anemia. Hemoglobin crystallization inside a cell
) = . . . .
. 5 & like this is particularly dangerous [25].
5 E Each echinocyte has 30-50 spiculas of similar
= L size evenly distributed on the cell surface. Such ery-
=
=
=8
S
[3+1
=}
=
8
=}
[}
Q
=
=]
&
S
8
=
=
=
o
.
£
5]
o
[<P]
E
2

Tear-like
(dacryocytes)
TBI

TUYECKUI WHCYJIET; Cere

Discocytes
Normal,
healthy person

BO BraguHe; states and diseases — cocrostuus u 3abosieBanwst; normal, healthy person — HopwMma, 3m0poBsIit uemoBek; TBI — UMT; ischemic and hemorrhagic stroke — utiiemudeckuii u remoppa-

axuHOIUTEL; tear-like (dacryocytes) — ciie30BuHbIE (TAKPHOIKTEI); Stomatocytes — CTOMaTOIUTEL; ovalocytes — oBasionuTsl; abnormal — anomasbHbIe; torus — Ha Tope; Central indentation —

DOpMBI IPUTPOLMTOB B HCCJIEA0BAHHBIX 00pa3ax KPOBH.

Shapes of RBCs in the blood samples studied.
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MuliieHeBUIHBIE JPUT-
pOHI/ITI)I nJINn KOOOIUThI —
KJETKA C YTOJIIEHUEM B
IIEHTPE, B KOTOPOM CKaIlJINBa-
erca reMmomioouH. Takwue
KJIETKU UMEIOT OOJIBITIHE Pas-
Mepbl U CUJIBHO yrIJ'IOTHeHLI,
YTO IPEISATCTBYET UX CBOOO/I-
HOMY TPOXOKJIEHUIO dYepe3
TOHKHE cocygbl. KomonuTsl
XapakTepHbl [JII a- U P-
TaJgacCeMUM, I'eMOIJIOOUHO-
nmatun C u S, CBHHIIOBOU
WHTOKCUKAIIMN U 0oJie3Hen
IIe4YeHu, B 4YaCTHOCTH, OJIN-
TeJIbHON MeXaHNYeCKOU sKeJI-
Tyxu. KomomuTbl ocoOGeHHO
YacTO BCTPEYamTCs IPHU
OOCTPYKTHBHOH JKeaTyxe. VY
MUIIIEHEBUOAHbBIX KJIETOK YBe-
JIMYeHa KOHIIEHTpaIusl Hart-

pUYs U CHU)KEHA KOHIleHTpa-
s Kaaus [23]. ITU KJIeTKU
(puc. 1 a, b, ¢) HabmoHaAIUCh Y
14 nmanyeHToB u3 24, B cpel-
HeM, 20+8% Ha maske. Komo-
UTHI HAOJIOAAN Y TTalieH-
TOB C YepernHO-MO3TroBOU
TPaBMOH, TIOCTTUIIOKCHYe-
CKOM 9HIIedaIonmaTue, UIIIeMUYECKUM U TeMOP-
paru4yecKUM HHCYJBTOM, OTEKOM TIOJIOBHOIO
Mo03ra, TPoM6030M BeH HUKHUX KOHEUYHOCTEU
(cm. TabJ1.).

AHOMAaJIbHbBIE 9PUTPOLUTHI — 3TO SPUTPOIIU-
THI, KOTOpI)Ie II10 CBOUM XapaKTepI/ICTI/IKaM He BXO-
IAT B CTaHIAPTHYIO KiIaccudukamnuio (puc. 1 d, e,
f), Habmmonanu y 17 nanueHToB u3 24. Y KayKIoro
MalnyeHTa Ha Ma3Ke BCTpedasu B cpeqHeM 28+6%
aHOMAaJIbHBIX KJIETOK.

CroMaronuThl UMEIOT IIeJIeBUAHYI0 (hopmy
LIEeHTPaJIbHOTO IpocBeTa (maJnsopa). [TpuunHoi
X IMOABJIEHUA ABJIAETCA ITOBBIIIIEHHAA HpOHI/I-
I1aeMOCTb MeMOpaHbI I HaTpusl U Kaiaus. CTo-
MaTOIUTHI ¢ Aedekramu miegu (puc. 2 a, b, ¢
Habmomanu y 17 manueHToB U3 24. B cpenHewm,
16+4% CTOMaTOLUTOB C AedeKTaMu I11eJIU IIPUCYT-
CTBYeT B Ma3Kax KasKIOT0 MalyeHTa. ITU KJIETKU
00pasyloTcs rmop neficTueM: Hu3Koro pH, He ripo-
HHUKAaIIINX aHNOHOB, KATUOHHBIX }IETepFeHTOB,
BUTaMUHA A. B MeHbIIIEM Yuciie (MPpUOIU3UTETh-
HO 3% OT 00111e# TOMyJIAIUA KIETOK) CTOMAaTOIH -
THI BCTPEYAIOTCA TPU OOCTPYKTUBHBIX O0JIE3HSAX
Ie4eH!, aJKOT0JIbHOM IUPPO3e, KapANuOBaCKY-
JIIPHOU IIaTOJIOTMH, 3JI0KaUYeCTBEHHBIX OITYXOJIsAX
[23]. CTomMaTOIUTHI HAOJIIONATN Y MAIUEHTOB C
TpoM0OO0O30M BeH HUKHUX KOHEYHOCTEN, OTEKOM
TOJIOBHOT'O M0O3ra, YePEIHO-MO3TOBOU TpaBMOH,
MTOCTTUIIOKCUYECKOU aHIedaonarneii, mHpapK-
TOM T'OJIOBHOI'O Mo3ra (cMm. TabJ1.).

MKM.

Puc. 1. ACM u3o0paskeHue 3pUTPOLUTOB: d, hb— (pparMeHT MeMOpaHbI KOJOIUTA H er0
npo¢HIb; ¢ — HAHOCTPYKTypa (pparMeHTa MEMOpPaHbI KOJOIUTA; d — aHOMAJIbHBIE
apuTpouHThI 30X30 MKM (CHHHE CTPeJIKH); e, f— aHOMaJIbHbIE IPUTPOIUTHI 10X10

Fig. 1. AFM image of erythrocytes: a, b — fragment of codocyte membrane and profile
of a codocyte; c— nanostructure of a codocyte membrane fragment; d— abnormal ery-
throcytes 3030 pm (blue arrows); e, f— abnormal erythrocytes 1010 pm.

age of 8+3% per smear. Elliptocytes (ovalocytes)
normally make up less than 1% of all cells. In case
of anemia (thalassemia, iron deficiency and espe-
cially megaloblastic) their level reaches as much as
10%. The population of elliptocytes is not uniform
in size [23]. Such cells were observed in patients
with ischemic stroke and TBI (Table).

Metabolic disturbances and damage to cell
membranes cause an increase in the population of
echinocytes, target cells and degenerative forms of
erythrocytes, which may be accompanied by a high
probability of intravascular hemolysis and thus
contribute to the development of blood hypoxia
[28]. This is supported by the fact that irreversibly
altered red blood cells are prone to premature aging
and hemolysis. The abnormally shaped RBC have
less plasticity and while passing through the small-
est vessels can further worsen the blood flow and
dramatically change the capillary exchange [29, 30].

Figure 4 shows an image of red blood cells in
the AFM field of 1010 pm with pallor defects. Nor-
mal RBC indentation height is 400-450 nm.

An average of 70+15% of RBC with a pallor de-
fect per smear were found in 17 of 24 patients (Fig. 4
a, b). Defects in the pallor itself (Fig. 4 ¢, d, ) were ob-
served in smears of 15 patients out of 24. In case of
traumatic brain injury, ischemic and hemorrhagic
stroke, cerebral edema, posthypoxic encephalopathy;,
lower extremity venous thrombosis, their number
may increase up to 50+16% per smear.
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JlakpronyThI UK CIe30-
BU/IHbIE 3PUTPOLIUTHI (pHC. 2 d)
MMEIOT OfIHY OOJIBIIYIO CIIMKY-
Jay. VIx Habmionamu y 2 u3 24
MAIEHTOB C YePEeIHO-MO3I0-
BOH TpaBMOW, B CpeJHEM —
21+4% makpUOLIMTOB HA Ma3Ke
y Kaxkgoro nanuenra ¢ YMT.
Takye KJIeTKM 4dale BCero
BBIABJISAIOTCS TIPU MUEI0(GUO0-
po3e [24], npu pas/IMYHBIX
dopmax anemun. Ocobast omac-
HOCTB 3aKJII0YAETCsI B BO3MOK-
HOU KpUCTAIM3ALUU eMO-
100MHA BHYTPH KJIETKH [25].

OXMHOLMTHI MMEIT Ha
TIOBEPXHOCTH BBIPOCTHI, CXOZ -
HOU BeJIMYMHbBI, pABHOMEPHO
paclpenesieHHbIe Ha II0BepX-
HOCTH KJIETKH B KOJIMYECTBE
30-50 crturys. Takue apUTpoO-
OUTHl 00pas3yoTcs MpU yBe-
agudyeHun pH, wucromeHun
3aracoB AT® [26 ], a Takxke
Ipy [OBBIIICHUU YPOBHA
BHYTPHUKJIETOYHOTI'O KaJIbIIHA.

ol
0 g we
A% SEEATL amdy) 131,009 ua

A SR a0 TRO RE0E o
"

Puc. 2. ACM n3o0paskeHue 3pUTPOILMTOB: @ — aHOMAaJIbHbIE IPUTPOUHUTHI 30X30 MKM;
b, c— cTromarTouuT c AedeKTamMH IIeJH U ero Npoduis; d — JakpHOIUT.

Fig. 2. AFM images of erythrocytes: a— abnormal erythrocytes 30X30 pm; b, c— a stom-
atocyte with slit defects and a profile of a stomatocyte with slit defects; d— a dacryocyte.

BcrpeuaroTcs npu ypemuw,
TepeJIMBaHUY 9PUATPOLUATAD-
HOH B3BecU 1ocJie 3 Heaesln
XpaHeHus [27], IENTUYECKOU sI3B€, 0CI0KHEHHOU
KpoBoTeueHHneM, runogocgareMun, rurioMmarsye-
MUH, IIPU HACJIeICTBEHHOM JeduiuTe NupyBar-
KHHa3bl, (pochomuiieparkuHassl [ 23].

IXUHOIUTHI HabJTI0a/IM y 18 MaruenToB U3
24, B kosimuecTBe 26+4% Ha maske. Tpancdopwma-
sl JUCKOIUT-3XUHOIUT B HAYAJIbHON CTaauu
obOparuma. Ecom KJjeTka moJro mpeObIBaeT B
COCTOSIHAM 9XWHOILWTA, TO BO3HUKAET IIOTEpA
JINITUAHOTO KOMITOHEHTa MeMOpPaHbI M1 U3MEHEHNE
¢opmebI cTanoBUTCSA HEOOpaTMbIM. Takyto (popmy
KJIETOK HAOJTIOIa/IH Y TTAI[eHTOB C MTOCTTUIOKCH -
4eckou oaHIledasonarrueii, depemnHo-MO3TOBOH
TPaBMOM, HIIEMHUYECKUM M reMOpparunyecKum
WHCYJIBETOM (CM. Tab1.).

OBaJionnThI (pUC. 3) — KJIETKU XapaKTepHOH
OBaJIbHOU WJIU YIJIMHEHHOU (hOpMBbl. AHOMAJINU
MeMOpaHbI UM TeMOTI00MHA TPUBOJAAT K U3Me-
HeHUIOo (popMBbI KiIeTKH. OBaJIONUTHI HAOJIIOOATN Y
2 manyeHToB U3 24, B cpegHeM — 8% + 3 Ha Ma3Ke.
SJIJIMIITOLUTEI (OBAJIOLATHI) B HOPME COCTABJIAIOT
MeHee 1% Bcex KieToK. [Ipy pa3jimuyHbIX aHeMUAX
(tasmaccemus, skee3omeduUIUTHAA U 0COOEHHO
MeranobJ/acTHasA aHEMHH) UX COfiepKaHue JT0XO-
ouT 10 10%. ITpu aTOM momnysiAuus aJIJIUIITOLUTOB
HeoAHOpoAHA I1I0 padMepaM [23]. Takue KjaeTKU
Ha0JTIOAIN Y TAI[EHTOB C UIIIEMITYeCKUM UHCYJTh-
TOM M YePETHO-MO3TOBOM TPaBMOIi (CM. TabJ1.).

Mertabosmaeckie HapymIeH!s U TIOBPesKIe-
HUS KJIETOYHBIX MEMOPaH BHI3BIBAIOT YBEJTHMYEHNE

Puc. 3. ACM u300paskeHue 3pUTPOIUTOB B I10JIe 25X25 MKM.
Fig. 3. AFM image of erythrocytes in the field of 25X25 pm.
Note.Yellow circles indicate ovalocytes.

IIpumeuanue. JKesITBIMU KpyraMu BblJeJI€Hbl OBAJIOLUATHIL.

In 5 out of 24 patients, microdefects were ob-
served on the torus (Fig. 5 a, b), with an average of
10+3% per smear. Six out of 24 patients had grain
domains on the torus (Fig. 5 ¢, d, ), with an average
of 15+6% per smear. This represents the starting
mechanism for the irreversible membrane damage.
Microdefects on the torus appeared in patients
with the above mentioned abnormalities.

In all studied patients, 16+7% of active

platelets were observed per smear (Fig. 6).
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TIOMYJIAIA 9XWHOITUTOB,
MUIIIEHEBUIHBIX U IeTeHepa-
THUBHBIX (DOPM IPUTPOIUTOB,
YTO MOKET COMPOBOYKIATHCS
BBICOKOU BEPOSITHOCTHIO
BHYTPHUCOCYIUCTOTO T€MOJIH-
3a W, TeM CaMbIM, CIOCOO-
CTBOBATh PA3BUTHIO TeMHUYE-
CKO rumnokcu# [28]. B mosisay
9TOTO CBUJIETEJIHCTBYIOT TaH-
HBIE O TOM, YTO HEOOpaTUMO
U3MEHEHHBbIE JPUTPOIUATHI
CKRJIOHHBI K IIpeKIeBpPEMEH-
HOMY CTApeHUI0 ¥ TeMOJIA3Y.
H3meHeHHbIe (POPMBI 3PUT-
poIuMTOB 06J/IaTAI0T MEHBITIEH
IUTACTUYHOCTHIO B PE3YJIBTaTe
Yero IMPOXOKJEHUE TaKUX
KJIETOK B MeJIbYalIlInX COCy-
Jax ycyryoJisieT HapylIleHne
KPOBOTOKA ¥ PE3K0 U3MEHSIET
KaU/JISIPHBIN 06MeH [29].

Ha puc. 4 npencraBuin
n3ob6paskeHre KPacHbBIX KJe-
TOK KpoBH B 1Tosie ACM 10X10
MKM C lepeKTamMu naJuiopa. y
HOPMaJIbHOTO  3PUTPOIUATA
BriaguHa — 400-450 HM.

Ha wmaskax 17 wmns 24
MarieHTOB BCTpPEYaJu B
cpenHeM 70+15% sputponu-
TOB ¢ naedeKToM TaJjiopa
(puc. 4 a, b). edekTnl B
camMoM TaJtope (puc. 4 ¢, d, e)
HabJI0Ma/ M Ha Ma3kax y 15
narueHToB u3 24. [Ipu uepern-
HO-MO3TOBOUM TpaBMe, HIlle-
MHYECKOM U TeMopparmdye-
CKOM WHCYJIBTE, oTeKe
TOJIOBHOTO MO3Ta, IOCTTH-
MMOKCUYEeCKOU aHIledasiona-
THH, TPOMOO3e BEH HIKHUX
KOHEYHOCTeH UX KOJIUYECTBO
MOSKET YBEJIWYUBATHCS [0
50+£16% Ha Maske.

Y 5 mamueHTOB U3 24
HabII0IaI MUKPOIEdEKTHI
Ha Tope (puc. 5 a, b), B cpen-
HeM — 10+3% Ha Maske. VY 6
nanueHToB U3 24 Ha TOpe
TTOSIBJISIJINCH 3epHOBBIE
JoMeHbl (puc. 5 ¢, d, e), B
cpenHeM — 15+6% Ha Ma3ske.
JTO CTapTOBBIA MEXaHU3M
3aposKIeHnsT HeoOpaTUMBIX
MMOBPEKIEeHUN MeMOpaH.
MukponedeKTbl Ha TOpe

MNOABJIAJJUCH Yy MMAIUEHTOB C MEePEeINCICHHBIMU

BBIIIIE ITaTOJIOTUAMM.

—= -

X

O .

o e sy 2 e

: |
i il ™ .

Puc. 4. ACM n3o0pakeHHe IPUTPOLIHUTOB: d, bh— TUCKOLHUT ¢ Je(EeKTOM IJIJI0Pa H ero
NPOoHIIB; ¢ — JUCKOIUT C Je(EeKTOM B CAMOM IAJII0pe; d, e— pparMeHT MeMOpaHbI
nedexTa B CaMOM IJIIOpe (CHHSAS CTPeJIKA yKa3biBaeT JedekT U ero npoguis).

Fig. 4. AFM image of erythrocytes: a, b— a discocyte with a pallor defect and its profile;
c— adiscocyte with a defect in the pallor itself; d, e— a membrane fragment of the de-
fect in the pallor itself (the blue arrow indicates the defect and its profile).

o Bnlnd B = -

Puc. 5. ACM u3o0paskeHye 3pUTPOLUTOB: 4— IPUTPOLHT C MUKPOAe(dEeKTOM Ha TOpe;
b — (parmeHT MeMOpaHbI C MUKPOe(DeKTOM Ha TOPE; C — JUCKOIUT C 3€PHOBBIMU
xoMeHamu; d, e — HaHOCTPYKTypa MeMOpaHbI 9PUTPOLUTA C 3ePHOBBIMH JOMEHAMH
M ero npogub.

Fig. 5. AFM image of erythrocytes: a — erythrocyte with a microdefect on torus; b —
membrane fragment with a microdefect on torus; c— discocyte with grain domains; d,
e— erythrocyte membrane nanostructure with grain domains and its profile.

Note. Green circles indicate the defects.

IIpumeuaHue. 3eJI€HBIMUA KPYTaMU BbIeIeHbI Te(EeKThI.

Platelets are among the indicators of acute in-
flammation in sepsis, tumors, bleeding. The increase
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Y BCeX MallMeHTOB,
BKJIIOYEHHBIX B HMCCJIEI0Ba-
HHe, wHabgogaaun 16+7%
AKTHUBHBIX TpOM6OHI/ITOB Ha
Maake (puc. 6).

TpoMOOIIUTEI BXOIAT B
YHCJIO TTOKa3areseil OCTPOoi
(asbl BocmasieHus pu cem-
CHCe, OIyXOJIsIX, KpOBOTEYE-
HUAX. YBeJUuYeHue Kojauye-
CTBa TPOMOOIIUTOB SIBJISIETCS
CUTHAJIOM Pa3BUTHUS BOCHA-
JINTEJIbHBIX maToJ0Tui. [Ipnu
AKTHUBAaIluU TpOM6OHI/ITI)I
mpruoOpeTaloT chepuIecKyo
¢opmy u oOpasdyioT crenu-
aJIbHbI€ BBIPOCTLI (HCEBJIO-
noauu), Kak NOpaBUJIO, 3ITO
(pubpuHOTEeHBI, IUKOMIPO-

TeNHBbl U Apyrue OeJIKOBbIE
¢pariuu mra3mel. [J1aBHBIE
¢daKTOPBI aKTUBAIIUU TPOM-
pomuTa: TpoMOUMH TJIa3MBI,
TpPOMOOKCaH (TPOAYKT TPOM-
oonura), AI®. C MOMOIIbIO
HO,IIO6HI)IX BBIPDOCTOB KPOBAHBIE IIJIACTUHKHU
MOT'YT COEIUHATHCA OAPYT C IPYyroM (arperupo-
BaTh) M 06pas3oBBIBAThE TPpoMO [29, 30].

platelets.

3akJrouenue

B maHHOM NWJIOTHOM WCCJIE€JOBAaHUU MBI
MOKAa3aJ/lM, YTO TPU YKa3aHHBIX MATOJOTHSIX
MMEIOT MeCTO M3MeHeHUsT MOpP(OJIOTHH, COCTaBa
9PUTPOIUTOB, BO3HUKAIOT CIeNU(pUIeCKre
JIOKaJIbHbIE Je(eKThl pasJUYHON TOIOJIOTUU:
nedeKThI MAJIJIopa, TOpa, HAHOCTPYKTYPHL. Psn
neeKTOB SABJSETCS CTAPTOBBIM MEXaHU3MOM
pas3BUTHSA TOTAJBHBIX MOBPEKAEHUN MeMOpaH
9PUTPOIUTOB: HaIpHUMep, oOpa3oBaHUeE 3epPHO-
BBIX JOMEHOB Ha ITOBEPXHOCTH MeMOpaHkI, 00pa-
30BaHMeE CIUKYJ Ha TOpe, BOBHUKHOBEHME cde-
pO9XWHOIMTO3a, yBeawmdeHwe wmomyass IOHra
MeMOpaHbl. KosmrndecTBO U Ka4yecTBO 9TUX HAPY-
IIEHNH B IEPCIEKTHUBE MOTYT OBITH MCIIOJb30Ba-
HBI KaK TUAarHOCTUYECKUU U IPOTHOCTUYECKUN
OroMapkep MaTOJIOTHUIECKUAX ITPOIECCOB.

JJ1s1 mosrydeHus MOJIHOU KJlacCU(pUKamuu
HapyIlIeHn MeMOpaHHBIX CTPYKTYP 9PUTPOIH-
TOB, JOCTOBEPHO aCCOIMMPOBAHHBIX C HICCTIEye-
MBIMH TaTOJIOTUYECKUMU COCTOSTHUSIMY, HE00XO-
IUMO TIPOIOJIKUTD MCCJIEIOBAHNE U YBEJTUYUTH
BBIOOPKY PE3y/IbTaTOB.

bJiarogapHocTh.

HcciienoBanme BBITIOJIHEHO TPH (PUHAHCO-
BOW mofiepskke MUHHCTEPCTBA HAYKU U BBICITIETO
oOpasoBanus Poccutickoit Pemeparium u «Russian
Academic Excellence Project 5-100».

Puc. 6. ACM nao0paskeHue: @— JUCKOLIUT U aKTHBHBIE TDOMOOIIUTHI (CHHHE CTPEeJIKH);
b, ¢, d— akTHBHBIE TPOMOOIUTHI.
Fig. 6. AFM image: a— a discocyte, blue arrows indicate active platelets; b, c, d— active

in the number of platelets is an indicator of inflam-
matory disorders. When activated, platelets appear
spherical and form extensions called pseudopodia,
which are typically made of fibrinogen, glycoproteins
and other protein fractions of plasma. The main fac-
tors of platelet activation are plasma thrombin,
thromboxane (platelet product), ADP. With the help
of these extensions, the platelets may connect with
each other (aggregate) and form a clot [30].

Conclusion

In this pilot study, we have shown that various
factors lead to changes in morphology and compo-
sition of RBCs, as well as specific local defects in
various topologies, i. e. pallor, torus, and nanos-
tructure. Several defects represent the starting
points for the development of total erythrocyte
membrane damage, e. g. grain domains on the
membrane surface or spiculas on the torus, the oc-
currence of sphero- or echinocytes, and the in-
crease in the Young's module of the membrane. The
number and quality of these disorders can be used
as a diagnostic and prognostic biomarker of patho-
logical processes in the perspective.

It is necessary to proceed with the research and
increase the sample size to get a complete classifica-
tion of erythrocyte membrane structural alterations,
which reliably associate with the studied conditions.
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