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Ocrpas uzopoBanHas yeperrno-mo3rosas TpaBma (UMT) yacto cBsi3ana ¢ BO3HUKHOBEHMEM HAPYIIIEHUI CH-
CTEMBI 'eMOCTa3a, YTO MOKET COIIPOBOK/IATHCS FeMOPPArnYeCKUMU U UIIEMUYeCKUMHU IIPOSIBJICHUSMU B BEIIECTBE
TOJIOBHOTO MO3T3, B CBSI3U C 4eM HOpPMaJibHOe (DYHKIIMOHMPOBAHUE CBEPTHIBAIOIIEH CUCTEMbl KDOBU MMeeT KPUTH-
yeckoe 3HauyeHue. [lTonumanue marouanosorniyecKuX MeXaHu3MOB JIAaHHOTO SBJIEHUST MOXKET 1IOMOYb a/IeKBATHOI
poduIaKTIKe BTOPUYHOTO TIOBPEKICHUS TOJIOBHOTO Mo3ra. Panee, pa3BuTre CHHAPOMA IMCCEMUHUPOBAHHOTO
BHyTpucocyauctoro ceeprbiBatus (JIBC-cunapoma) aBiasaoch 06MENPUHATON TUIIOTE301 MeXaHU3Ma Hapy HIeH i
ceeptbiBaolieii cuctembl ipu YMT. Oraxo, 3a nocieiHme gecsTUIeTHs OSABIISINCH HOBbIE JAHHBIE O KJIIOUYEeBOI
poJin TKaHeBOro (hakTopa, CUCTEMHOTO BOCIAIUTENLHOTO 0TBeTa, TpoMboruTonaTu, apdekra nporenta C B Bo3-
HUKHOBEHUU [aHHOU Koarysonaruu. [{esbio 1aHHOro 0630pa JIuTepaTy pbl IBJISLICS [IPEIOCTABIEHUE HOBBIX JAHHBIX
0 KOHKPETHBIX 11aTO(U3NOJIOTUYECKUX MEXaHN3MaX, JIesKalllnX B OCHOBe Koarysonaruu nocjie YMT.

Knroueswte cnosa: YMT-accoyuuposannas koazyronamust; YIMT; uepenno-mo3zosas mpasma; zemocmas; koazy-
JIONAMUSL; 2eMOPPAZULECKUE 0UAZU; UULEMUUECKUE 0UAZU; TPOMOOUUTONAMUSL, MUKPOMPOMODL; MUKDOBEIUKYILbL; MK~
HeBoll (haxmop; Helupoxupypeus

Acute isolated traumatic brain injury (TBI) is frequently associated with occurrence of hemostasis disorders,
which may be accompanied with hemorrhagic and ischemic events in the brain matter, hence, normal functioning
of the blood coagulation system is critical. Understanding of the pathophysiological mechanisms of this phenom-
enon might help adequate prophylaxis of secondary brain damage. Earlier, development of disseminated intravas-
cular coagulation syndrome (DIC) has been generally considered as a mechanism of coagulation disorders during
TBI. However, over the recent decades, new data emerged concerning the key role of tissue factor, systemic in-
flammation response, thrombocytopathy, protein C effect in the occurrence of this coagulopathy. This overview
of literature is aimed at providing the new data on specific pathophysiological mechanisms underlying coagulopa-
thy following TBI.

Key words: TBI-associated coagulopathy; TBI; traumatic brain injury; hemostasis; coagulopathy; hemorrhagic foci;
ischemic foci; platelet disfunction, microthrombs; microvesicles; tissue factor; neurosurgery
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BBenenue Introduction

OcTpasg wM30JMPOBAaHHAS YEPEITHO-MO3TOBask
tpaBma (UMT) yacTo cBsizaHa ¢ BO3HMKHOBEHUEM
HapyImieHui cucteMbl TemMocTasa [1]. Oxnaxo, maTo-
usnomornyecke MeXaHU3MBbl KOATYJONATUN TPH
UMT wusyueHbl He JI0 KOHIIA 1 MOTYT XapaKTepu3o0-
BaThCs COYETAHNEM T'HIIO- ¥ TUTIEPKOATYJISIINN.

Acute isolated traumatic brain injury (TBI) is
frequently associated with occurrence of hemostasis
disorders [1]. However, pathophysiological mecha-
nisms of coagulopathy during TBI have not yet fully
studied and can be characterized by a combination of
hypo and hyper coagulation.
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B psize paGor [2—5], GbL1a IPOAEMOHCTPUPOBaHA
CBsI3b KOATYJIOMATUU U (hDOPMUPOBAHUS BTOPUYHBIX
moBpeRaeHni TojoBHOTO Mo3Ta ipu UMT B Buze
MOSIBJIEHUST WJTU TTPOTPECCUPOBAHUS TEMOPPATHIECKUX
ouaros (I'O), Bu3yasn3npoBaHHBIX 110 JAHHBIM KOHT-
posibHOI KoMmbioTepHO ToMorpadun (KT). B paGo-
te S.C.Stein u p. MPOAEMOHCTPUPOBATIH, YTO s 85%
MAIMEHTOB € MPU3HAKAMU KOAryJIONATUN HA dTare
MOCTYTIIEHUST B CTAIMOHAP XaPaKTePHO BOBHUKHOBE-
HU€ BTOPUYHBIX IOBPEKIEHUI TOJOBHOTO MO3Ta
(remopparnyeckux mian uineMudecknx ouaros). [Ipu
JTOM, TP HOPMAJIBHBIX IapaMeTpax reMocTasa, JaH-
HbIE TIOBPEKIEHNUST PA3BUBAJIICD TOJIBKO B 31% ciryya-
es [2]. C. B. Allard u up. [6], B cBO€ii paboTe onucanu
YeThIPEXKPATHOE YBEJIUYEHUE JIETATBHOCTH Y TIalleH-
TOB C IMEBIITMMUCS TIPU3HaKaMu Koarysomnaruu u KT-
npusHakamu 1mporpeccupoBanus ['O. Kpome Toro,
(opmmpoBaHue koaryjomaTuu B TepBble 24 yaca
nocsie YMT 06bLIO TIPUBHAHO OMHKUM U3 KJHOUEBBIX
MOMeHTOB TporpeccupoBanus 'O. ABTOPBI yKa3bi-
BaioT Ha KoppeJssinuio yiauuenuss AYTB ¢ 100% puc-
KoM mporpeccupoBatusi 'O, TpoMOOIUTOIEHUN
(menee 100 Toic) — ¢ 90%, camskenne [ITU — ¢ 75%.

B TO xe Bpewmsi, psiji aBTOPOB JIEMOHCTPUPYET
cBsa3b Mexxly UMT u noBbinieHeM pucka pa3BuUTHS
UIEMUYECKOT0 MHCYJIBTa [ 7], uTo 0GbsicHsIeTcst (hopMu-
poBaHreM MUKpoTpoM60B (MT) B apreproiax u BeHy-
sax prametpom ot 10 10 600 um [ 1, 8]. Mexanusm dop-
mupoBanust anHbix MT ocTaercsi criopHbIM, OJTHAKO
OCHOBHOH TMITOTE301 SIBJISIETCS JIOKATbHAS I CUCTEM-
Hasl TUTIEPKOATYJISIIINST, ACCOIIMUPOBAHHAS C HEITOCPE/I-
CTBEHHBIM TTOBPEsKIeHNEM TOT0BHOTO Mo3ra. S. C. Stein
u zip. [1, 9] B psizte paboT onucajn CBA3b TSKECTH HILie-
MUYecKuX MmoBpeskaeHnii u naotanoct MT B cocynmax
MUKPOIUPKYJISITOPHOTO PYCJia FOJIOBHOTO MO3Ta TTaIH-
entoB ¢ YMT. B akcnepnmenTanbabix Mogensx YMT
MTPOIEMOHCTPUPOBAHO, UTO HEMEJJIEHHOE CHIUKEHUE
KPOBOTOKA B TIEPUKOHTY3MOHHOI 30He CBSI3aHO ¢ (hop-
MEpoBaHKeM TpoMboruTapHbix MT B cocynax MUKpO-
nupkysigToproro pycaia [ 10]. [Tokazano, uto hopmmpo-
Baaue MT mponmosmxaercss u orcpodero mociae UMT.
Hapy1iast mpoXoauMocTh COCYIOB U CHIZKAsI CKOPOCTh
TOKA KPOBU B MUKPOITUPKYJISITOpHOM pyce, MT BeyT
K (hOPMHUPOBAHUTO UIIIEMUYECKUX OYArOB U BTOPUYHbBIM
MTOBPEK/IEHUSIM TOJIOBHOTO Mo3ra [1].

N3menenus: cucrempl remocraza mpu UMT.
[TaTodusnosornuecke MeEXaHU3MBI, JIEKAIIE B OCHO-
Be KoaryJomnatuu, acconunpoBanHoii ¢ YMT, 3aaunmo
OTJINYAIOTCST OT MEXaHU3MOB HAPYIIEHUs] TeMOCTa3a
U coueTanHoi TpaBMe. Kiaccrmueckue IpUYrnHbI Koa-
IyJIOTIATHH TIOCJIE TTOJIUTPABMBI, TAKKE KaK KPOBOIIOTE-
psi, TUIIOTEPMUSI, TEMOJIMIIIONUS W allu03, B Cydae
n3osupoBanHoil YMT urparot MeHee 3HAUNMYIO POJIb
[11, 12]. B nepBbix paboTax, IOCBSIIEHHBIX UCCIEI0-
BaHMIO cBepThIBaolieil cucremsl pu YMT, napyrre-
HISI TeMOcTaza 00bSACHSIN PasBUTHEM JUCCEMIHUPO-
BaHHOTO BHYTPHCOCYIHCTOTO CBEPTHIBAHUS
(ABC-cunppomom) [8, 13—-19]. Ommako B psne
nocjeHIX padoT MpecTaBaeHbl 6ojee TOUHbIE JaH-

A number of papers [2—5] demonstrated a con-
nection between coagulopathy and formation of sec-
ondary brain damage during TBI such as appearance
or progress of hemorrhagic foci (HF) visualized by fol-
low-up computer tomography (CT). S.C. Stein et al.
showed that 85% of patients exhibiting symptoms of
coagulopathy during admission typically develop sec-
ondary brain damage (hemorrhagic or ischemic foci).
However, in case of normal hemostasis, such kind of
damage developed only in 31% of patients [2]. C. B.
Allard et al. [6] described in their paper a four-fold in-
crease in mortality of patients with established symp-
toms of coagulopathy and CT-signs of HF progressing.
Besides, formation of coagulopathy during the first 24
hours after TBI was recognized a key moment of HF
progressing. The authors point out a correlation of
APPT elongation with 100% risk of HF progressing,
thrombocytopenia (less than 100 thousand) — with
90%, PTI decrease — with 75%.

At the same time, several authors demonstrated
a connection between TBI and increased risk of is-
chemic stroke development [7], which was explained
by formation of microthrombs (MT) in arteriolas and
venules of 10 to 600 pm in diameter [1, 8]. The mech-
anisms of formation of those MT remains disputable;
however, the main hypothesis is local or systemic hy-
percoagulation associated with direct brain damage.
S. C. Stein et al. [1, 9] described in a number of papers
a relation between severity of ischemic damage and
MT density in brain microvasculature vessels of TBI
patients. It was demonstrated on TBI experimental
models that immediate decrease of blood flow in the
pericontusional zone is connected with formation of
thrombocytic MT in microvasculature vessels [10]. It
was shown that MT formation continues and is de-
layed after TBI. By impairing vessel patency and re-
ducing the blood flow rate in microvasculature, MT
result in formation of ischemic foci and secondary
brain damage [1].

Hemostasis disturbances in TBI. Pathophysio-
logical mechanisms underlying TBI-associated coagu-
lopathy significantly differ from the mechanisms of
hemostasis disturbances during a polytrauma. The clas-
sic reasons of coagulopathy after a polytrauma, such as
blood loss, hypothermia, hemodilution and acidosis,
play a less important role in case of isolated TBI [11,
12]. In the first papers dedicated to investigation of the
coagulation system during TBI, hemostasis distur-
bances were explained by development of disseminated
intravascular coagulation syndrome (DIC) [8, 13—19].
However, a number of recent papers presented more ac-
curate data about pathophysiological mechanisms un-
derlying coagulopathy after TBI. The generally
accepted hypotheses of coagulopathy pathogenesis are
changes of the local and systemic coagulation con-
nected with release of tissue factor (TF), development
of systemic inflammation response [20—23], thrombo-
cytopathy [24—26], and activation of protein C associ-
ated with  hypoperfusion [11-12]  (Fig.).
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Mechanism of development of ischemic and hemorrhagic foci in Traumatic Brain Injury.

HBIE O MTATO(PU3NOJOTUIECKIX MEXaHU3MAaX, JIeKAIIUX
B ocHOBe KoaryJonatuu rnocjae YMT. ObuienpuHThi-
MU TUIIOTE3aM!U MTATOTeHe3a KOATyJIONAaTUH SIBJISTIOTCST
M3MEHEHSI MECTHOI M CUCTEMHOH KOATYJIATINH, CBSI3aH-
HbI€ ¢ BBICBOOOsKIeHEeM TKaHeBoro akropa (Td), pas-
BUTHEM CUCTEMHOTO BOCHIAJIUTETBHOTO OTBeTa [20—23],
tpombonuTonarueii [24—26], a Tak jke akTHBaIUel
nporenna C, cBga3anHoii ¢ runonepdysueit [11-12]
(puc. 1). [lonnmanme naTopuU3nOJIOTHIECKUX MEXAHU3-
MOB JIAHHOTO SIBJIEHUS MOJKET ITOMOYb BBISIBIEHUIO
MAIMEeHTOB C BBICOKMM PHUCKOM IPOTPECCHPOBAHUS
KOaryJIonaTHH, a TaK K€ OCYIIECTBJIEHUIO alIeKBATHOI
IPOPUIAKTUKY KaK TeMOPPArnYecKuX, TaK 1 UIIEMH-
YeCKUX MPOsIBIeHni, cBg3anubix ¢ YMT [27].

Pouab TkaneBoro ¢pakropa B UMT-acconuupo-
BaHHOI1 Koarysonatuu. CTpyKTypa rematosniiedaim-
yeckoro Gaprepa (I'9B) obecneunBaioT CylIIeCTBEH-
HYIO 3aIUTY TOJIOBHOTO MO3ra OT KPOBOM3JIMIHUH 32
CUET TAKUX KJIOYEBBIX CTPYKTYP, KaK IJIOTHbIE KOH-
TaKThl KJIE€TOK HIOTEJNs, IEPUITUTH U aCTPOIUTHI,
KOTOPBIE SIBJISTIOTCSI OCHOBHBIMU UCTOYHIKAMHU TKaHe-
Boro (akropa (TD) — TpancmemOpanHOro 6elnka,
CJTY>KaIleTo TPUTTEPOM aKTUBAIIUY CHCTEMbI TeMOCTA-
3a. [loBbrmennas akcnpeccus TA B ToJI0BHOM MO3Te
obecTIeunBaeT IOMOJHATENBHYTO 3aIUTY OT KPOBOU3-
JUSTHWH TIpU TpaBMaTHyecKoM mnoBpexaennu. T
9KCIIPECCUPYETCsT KIETKAMU, OKPY KAIOIIIMH KPOBe-
HOCHBIE COCY/IBI, TAKUM 00Pa30M, 9HIOTETUH MEXaHHU-
yeckn otnessger TMD u mpegoTBpaIiaeT HexKeNaTeb-
HYI0 aKTUBAIMIO CUCTeMbI remoctasa. Hapymenue
HHIOTEJNATBHOTO GHapbepa TPUBO/INT K TOSIBJICHUIO B
KPOBsTHOM pyciie BHecocyauctoro TM u GwicTpoii
aKTUBAIMM KacKaJla CBEPThIBAHMS KpoBuU [29].

[Tocaemnue 20 et acriextsl aktuBamu TO cucre-
MbI reMocTaza ocie YMT cram 06beKTOM MHOTOUTIC-

Understanding of pathophysiological mechanisms of
this phenomenon might help identifying patients with
high risk of coagulopathy progressing and implement-
ing adequate prophylaxis of both hemorrhagic and is-
chemic events related to TBI [27].

Tissue factor role in TBI-associated coagulopa-
thy. The blood-brain barrier (BBB) structure provides
significant protection of brain from hemorrhages
thanks to such key structures as tight junctions of en-
dothelial cells, perithelial cells and astrocytes, which
are the main sources of tissue factor (TF) — transmem-
brane protein that serves as a trigger for activation of
hemostasis system. Increased expression of TF in brain
provides additional protection against hemorrhages
during traumatic injury. TF is expressed by cells sur-
rounding blood vessels; so, endothelium isolates TF
mechanically and prevents undesirable activation of
hemostasis system. Endothelial barrier damage results
in appearance of extravascular TF in the blood stream
and fast activation of clotting cascade. [29]

During the past 20 years, aspects of hemostasis
activation by TF after TBI have become a subject of
many investigations [20, 22, 30]. R. M. Keimowitz and
B. L. Annis [31], also S. H. Goodnight et al. [32] were
the first to suggest that brain tissue damaged as a re-
sult of TBI releases TF into systemic blood stream,
which, in turn, activates the clotting system. In recent
papers, there is more and more information about in-
creased content of intravascular TF during TBI and
its additional role in intensification of systemic acti-
vation of hemostasis after initial damage [33]. A num-
ber of investigations [21, 34] demonstrate a
significantly higher level of TF in the blood of TBI pa-
tients compared to the control group. It is suggested
that the degree of hemostasis activation depends on
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sernbix uecnenosanuii [20, 22, 30]. R. M. Keimowitz u
B. L. Annis [31], aTakke S. H. Goodnight u ap. [32] niep-
BBIMH ITPE/ITTOJIOKIIIH, UTO TIOBPEKIEHHAS B PE3YJIbTaTe
YMT mosrosas Tkaub BbicBOOOk1a2eT T B cucTeMHBII
KPOBOTOK, YTO, B CBOIO 0Y€P€]ib, AKTUBUPYET CBEPTHI-
BAIOTIYIO CHCTEMY KPoBU. B paGorax mocieHux Jet
TOSIBJISIETCST Bee GoJtbiie uH(opMarmu 06 yBETHYCHUH
cozepkanust Buytpucocyanucroro T mpu UYMT, a Tak
3Ke ero JOTIOJHUTETBHON PO B YCUTIEHUU CUCTEMHO
AKTUBAIINY T€EMOCTA3a TI0CTIe TIEPBUYHOTO TOBPEKIEHNST
[33]. B psime nccanenosanuii [21, 34] nemoncTpupyetcs
3HaYMMO OoJiee BbICOKHH ypoBeHb TM B KpoBY MaIyeH-
ToB ¢ UMT 10 cpaBHEHMIO ¢ KOHTPOJBHOM TPYMTION.
[Tpepmonaraercst, 94To CTeNeHb aKTHBAIMU TeMOCTA3a
3aBrcuT OT KosimdectBa TM, BHICBOOGOKAAEMOTO TIPH
MOBPEKIEHUN TKAHW TOJIOBHOTO MO3Ta B PE3YJIBTaTe
UMT [21, 30—32]. [lanHast rurioTe3a OMUChIBAETCS BO
MHOr#X padorax [21-23, 35—36], oxHako rccieoBaHusl,
TIOCBSIIIIEHHbIE KOJIMYECTBEHHOMY U3MEPEHUIO CTETIEHH
BBICBOOOsKIeHNST TMD TIPU MOBPEKACHIN TKAHK TOIOB-
HOTO MO3Ta, OTCYTCTBYIOT. BeposTHo, aTO cBsI3ano ¢
MEeTO/IOIOTUYECKUMU CJIOKHOCTSIMI U3MEPEHUST YPOBHST
rmpkysmpyiomiero TM. Ps aBropos B cBonx paborax
IPEeINPUHST TOMBITKU MCIIOIb30BaTh ypoBeHb 1M B
KauecTBe MapKepa MOBPEsKIEHUS TOJIOBHOTO MO3Ta, CTe-
MIeHU BBIPAKEHHOCTH KOATYJIONATUHU MJIT BO3MOKHOTO
nporaoctryeckoro gakropa npu UMT [37-39], Ho
GBI OrPaHITYEHBI METOIOTIOTHYECKIUMHE CJIOKHOCTSIMIL.

Bxaaa mukposesukys (MB) B popmupoBanue
YMT-acconunpoBaHHoii koaryxonatuu. [1o nanHbM
TOCJIEIIHUX MCCJIEIOBAHMI, TEHKOTIUTHI, TPOMOOTIUTHI
U CBs3aHHbIE C HIMU TIPOKoaryasuTHbie MB MoryT
CTaTh AJIBTEPHATUBHBIMU UCTOUHIKAMU ITUPKYITHPYIO-
mero TD [40—42]. MB npencrasisgior co6oii UPKy-
Jipyiolnue B 1iiasMe Mesikue pocdonmmunbie (par-
MEHTBI ~ KJETOK (HampuMmep, OHAOTENUS  WJIH
TPOMOOTINTOB), OPMUPYIONIUXCS B PE3YJIbTaTe aror-
To3a WK Ha (hoHe BO3/EICTBUS CTPecca.

B 1967 roxy 6b11u BriepBbie onmcaribl M B, saBiisis-
mvecst (hparMeHTaMu TPOMOOTIUTOB, TIOJYYHMB TEPMUH
«TPOMOOIUTAPHAS TIBLTb>, UX (DYHKITUHU J0JITOE BPEMsT
OCTaBaJICh He 110 KOoHIa schbl. B 2016 M. J. Mooberry
u z1p. [43] B cBoeil paboTe MPOAEMOHCTUPOBAJIM, UTO
tpombonuTaptbie MB comepskar dhochaTuamniceput,
CIOCOOCTBYIONIHIT CBS3BIBAHIIO (DAKTOPOB CBEPTHIBA-
HYsE ¢ MeMGpaHaMu TPOMOOITUTOB, U GOPMUPOBAHUIO
MPOKOATYJITHTHBIX KOMILJIEKCOB, KOTOPbIE MOTYT TIPH-
BECTHU K JAJIbHENIIIEN aKTHBAIIUN CHCTEMbI TeMOCTa3a
npu YMT. Uccaenosanss MB 06bIYHO BBIIOIHAIOTCS
C TIOMOIIBIO TIPOTOYHON ITUTOMETPHH C UCTIOIB30BAHM-
eM (hryopecIieHTHBIX KPacUTesIell KOHBIOTHPOBAHHBIX
C KJIETOYHO-CTEII(UIECKUMU aHTUTEIAMU [T U/IE€H-
tudukanun cyononysaunii MB. Tlokasano mosbiiie-
HUe KOHIIEHTPAIH IUPKyIupyionx M B, Bo3nukaio-
1ee TIpU Psijie COCYAUCThIX 3aboesanuii [44]. N. Morel
u z1p. [40] B cBoeii pabore uccaenosamn MB y manuen-
TOB ¢ Tsikesoir YUMT u mpoieMoHCcTprpoBan HAJTYMe
Kak B iepudepryeckoii KpoBH, TaK U B CIIMHHOMO3TO-
BOH JKM/IKOCTH MPOKOAryasaHTHBIX M B, cBsA3aHHBIX €

the quantity of TF released during damage of brain tis-
sue as a result of TBI [21, 30—32]. This hypothesis is
described in many papers [21-23, 35—36]; neverthe-
less, there are no studies dedicated to quantitative
measurement of the degree of TF release during brain
tissue damage, which is probably due to methodolog-
ical difficulties of measuring the level of circulating
TF. In their papers, a number of authors made at-
tempts to use the TF level as a marker of brain damage,
coagulopathy severity, or as a probable prognostic fac-
tor during TBI [37—-39], but were limited by method-
ological difficulties.

Contribution of microvesicles (MV) to the for-
mation of TBI-associated coagulopathy. According
to recent studies, leukocytes, platelets and procoagu-
lantive MV related to them might become alternative
sources of circulating TF [40—42]. MV are small cir-
culating in plasma phospholipid fragments of cells (for
example, endothelial cells or platelets), which are
formed as a result of apoptosis or at the background of
stress impact.

MYV were described for the first time in 1967 and
represented fragments of platelets, so were named by a
term ‘thrombocytic dust’, and their functions remained
unclear for a long time. In 2016, M. J. Mooberry et al.
[43] demonstrated in their paper that thrombocytic
MYV contain phosphatidyl serine promoting binding of
blood coagulation factors with platelet membranes and
formation of procoagulant complexes, which might
lead to further activation of hemostasis system during
TBI. MV is usually investigated with the help of flow
cytometry using fluorescent dies conjugated with cell-
specific antibodies for identification of MV subpopu-
lations. A number of studies have demonstrated
increased concentration of circulating MV occurring
in some vascular diseases [44]. N. Morel et al. [40]
studied MV in patients with severe TBI and showed
presence, both in peripheral blood and in cerebrospinal
fluid, of procoagulant MV related to platelets and en-
dothelial cells. M. Nekludov et al. [45] investigated
MV in 16 TBI patients by analyzing blood samples
taken simultaneously from a peripheral artery and
jugular vein bulb during the first 72 hrs. after trauma.
The authors demonstrated that soon after TBI a seven-
fold increase of the level of circulating MV related to
platelets, leukocytes and endothelial cells. Besides, in
TBI patients, an increased content of MV was ob-
served in cerebral blood flow compared to peripheral
arteries, which is connected with direct damage of
brain tissue. Later a tendency towards decrease of MV
content was noted. At the same time, in TBI patients,
an increased level of circulating MV persisted and was
twice higher than the level of MV circulating during
antiphospholipid syndrome [46].

The role of platelets in the TBI-associated co-
agulopathy. Lately, increasingly more information ap-
pears about connection between TBI and
development of thrombocytopenia and platelet activ-
ity decrease. According to the authors, thrombocy-
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TpoMbonTamMu 1 Kiaerkamu agoresus. M. Nekludov
u ap. [45] uccaenopanu MB y 16 manuentos ¢ UMT,
AHAMBUPYS TTPOOLI KPOBH, B3SATHIEC OHOBPEMEHHO U3
nepudepryeckoil apTepun 1 U3 JYKOBUIIBI SPEMHON
BEHBI, Ha MTPOTSKEHUU TIEPBBIX 72-X Y TI0CJIe TPABMBI.
AsTOpbI HabMOAAHM, uTO BeKope rocae YMT mpoucxo-
IIAT CEMUKPATHOE YBeJTUIeHIe COEPKAHUS IIPKYJIU-
pyfoiiux MB, ¢BA3aHHBIX ¢ TPOMOOIIUTAMHE, JTEHKOIM-
TaMH U KJeTKaMHu aHporenws. Kpome Toro, y
naruenToB ¢ YMT ormeyanocs OBbIIEHHOE COZIEPKa-
Hre M B B MO3roBoM KpOBOTOKE TI0 CPABHEHUIO C TIEPH-
bepruecKMM apTepusiMU, YTO CBSI3AHO C HETIOCPE]I-
CTBEHHBIM MOBPEXKIEHNEM MO3roBoil Tkauu. [lasee
OTMEYasIach TEHIEHITH K CHUKEHHIO cofiepskanust M B.
[Ipu arom, y narmentoB ¢ YMT coxpansnoch mMoBbI-
IIEHHOEe COoZlepyKaHue IUpKyaupyomux MB, xortopoe
B 2 pasa mpeBbInaso cojepxanue M B, mupkynmpyro-
X mpu antudocdoautuHoM cuaapome [46].

Poub TpomGonuTaproro ssena B UM T-accouyn-
poBaHHO Koarysonatiu. B mociieiee BpeMst BO3HU-
KaeT Bce 6oJibiie nrdopManui o stz YUMT ¢ BO3HUK-
HOBEHMEM  TPOMOOIMTOTICHUH W CHUSKCHUEM
AKTUBHOCTH TPOMOOTIUTOB. 10 IAaHHBIM Psi/ia aBTOPOB,
TpoMGOIUTONIEH ST pasBuBacTcs y 2,9—33% manueHton
c UMT [6, 47—48], npu aTOM paHHsIsT MaHU(ECTAITS
TPOMOOTIUTONIEHUI CBsI3aHAa C TMPOTPECCUPOBAHUEM
MHTPAKPAHUAIBHBIX TEMOPPArIECKIX OCJIOKHEHU 1
SIBJISIETCST HE3aBUCHMBIM ITPEAUKTOPOM JIETATBHOTO
ucxoza pu Tskesnoil UMT [6, 26]. M. E. Kutcher u ap.
[49] wuccnenoBam HyHKIIMOHANIBHYIO aKTUBHOCTH
tpoMmbonuToB y 101 manmenta ¢ YMT u nokasasu, 4to
y 45% manueHToB MPU3HAKU TPOMOOIIUTONATHI
BBISIBJISIVICH YoKe Ha 9Tare TOCIUTANTN3AIMY B CTAINO-
Hap. /L7151 TaHHO# TPYTITIBI TTAIIHEHTOB GBI XapaKTePHbI
<«HU3KUN» HEBPOJOTUYECKUI CcTaTyC (OTIeHEHHBIN 110
mKase koM [71a3ro), a Tak e JeCSITUKPATHOE YBeJInde-
HUe PUCKa Pa3BUTHs JIETATBHOTO ucxoza. MHrepecHo,
YTO 32 BPEMs JIeUEHUsI B OT/IEIEHNHT peaHuMarntui, y 91%
MCCJIEIOBAHHBIX TTAI[HEHTOB OBILJIM BBISIBJIEHBI TE WJIN
unble npusHaky Tpomboiuronatun. C. J. Vecht u zp.
[50] & cBOEIt paboTe OOHAPY KM CHUKEHIE CIIOCOOHO-
CTH TPOMOOTINTOB K arperariit, KOTopoe JOCTUTIIO MaK-
cumyMa Ha 2-e cyTku rocsie YMT.

B nauase 1980-X 10108 ObLIM BIIEPBbIE OIUCAHBI
BEPOSTHBIE MATO(DU3UOTIOTUYECKUE MEXaHU3MBI,
Jieskane B ocHoBe TpomboruTonatuu mpu UMT.
Corzacuo HuM, B ycaosusax YMT tpoMOOIKTHI TOA-
BepraioTcs BozzeiicTuio TM u pakTopa akTUBaIum
tpomboiuToB (DPAT), KOTOpble aKTUBUPYIOT UX 0
YPOBH:I UCTOIIEHS U TOCTIEAYIONIEH apeak THBHOCTH.
ITa TEOPUsT SABJSACTCS MO-TIPEKHEMY TIpeobIaiaroreit
[28, 51, 52]. AnbrepHATUBHBIM O0bICHEHIEM MOKET
OBITH HATMYKE HEM3BECTHOTO SH/IOTEHHOTO MHTHOUTO-
pa TpoMOOIUTOB, akTuBUpYyIomerocs mpu YMT [25].
Pst/1 aBTOPOB MpEIIosiaraet, 4to pasBuTHe TPOMOOITH-
TOMATHN MOXKET GBITh CBSI3aHO C BOBJICYCHUEM B ITPO-
1ecc MHrMOUTOPOB HUKJIOOKcureHass [25, 53]. Onna-
KO paboThl, TOCBSANIECHHBIE UCCICTOBAHUIO JAHHBIX
MexaHu3MoB y nanuentoB ¢ YMT, orcyTerByior.

topenia develops in 2.9-33% of TBI patients [6, 47—
48], wherein early manifestation of thrombocytope-
nia is associated with progressing of intracranial
hemorrhagic complications and is an independent
predictor of lethal outcome in case of severe TBI [6,
26]. M. E. Kutcher et al. [49] studied functional ac-
tivity of platelets in 101 TBI patients and demon-
strated that in 45% of patients, symptoms of
thrombocytopathy had been detected already at the
stage of admission to hospital. Patients of that
group featured low neurological status (evaluated
according to the Glasgow coma scale), and ten-fold
increase of the risk of developing lethal outcome. In-
terestingly, during the whole period of treatment in
the intensive care unit, in 91% of examined patients,
some or other symptoms of thrombocytopathy were
found. In their paper, C. J. Vecht et al. [50] demon-
strated lessening of platelets’ ability to aggregate,
which reached maximum on day 2 after TBI.

Early in the 1980s, probable pathophysiological
mechanisms underlying thrombocytopathy during
TBI were described. According to them, in a situation
of TBI, platelets are exposed to the effect of TF and
platelet activating factor (PAF), which activate them
up to depletion and subsequent areactivity. This theory
is still predominant [28, 51, 52]. An alternative expla-
nation might be existence of an unknown endogenous
inhibitor of platelets, which activates during TBI [25].
A number of authors suppose that thrombocytopathy
development might be related to involvement of cyclo-
oxygenase inhibitors into the process [25, 53]. How-
ever, there are no papers dedicated to investigation of
these mechanisms in TBI patients.

Occurrence of thrombocytopenia and thrombo-
cytopathy is a key sscomponent of coagulopathy asso-
ciated with TBI because they significantly increase
the risk of hemorrhagic complications after TBI [25,
54—57]. It has been shown that moderate thrombocy-
topenia (less than 100x10°/1) is a predictor of an ad-
verse outcome and connected with a nine-fold increase
of the risk of lethal outcome development [58, 59].

Inflammation and TBI-associated coagulopathy.
In response to TBI, systemic inflammation response
forms, which leads, on the one hand, to restoration and
regeneration of damaged brain tissue, but, at the same
time, initiates synthesis and release of neurotoxic sub-
stances promoting further damage of brain tissue. Non-
infectious inflammation response starts as early as few
minutes after TBI and might last for a few months or
even years after the incident [60, 61]. One of triggering
mechanisms is release of molecular fragments associated
with damage (Damage-associated molecular pattern
molecules, DAMP) [60]. These substances are wide-
spread in cells, but expressed especially intensively dur-
ing necrotic (not apoptotic) damage of cells and cell
stress rendering effect on the immune system and acti-
vating dendritic cells. Mass death of cells caused by the
impact of adverse factors (that is not a result of apopto-
sis), activates systemic defensive response through re-
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BosHukHOBeHHE TPOMOOIIMTOIEHUN 1 TPOMGO-
IUTOIATUU SIBJISIETCS KITIOUEBBIM 3BEHOM KOAryJioma-
tiu accormupoBanHoil ¢ YMT, mockobKy 3HAUMMO
YBEJIMUUBAIOT PUCK TEMOPPArMYECKUX OCJIOKHEHMUI
[25, 54—57]. BbLio 1mokasato, 4T0 TPOMOOIIUTOICHISI
cpenneii Tsokectu (Menee 100X10°/01) siBaistercst mpe-
JAUKTOPOM HeGJATONPUATHOTO MCXO/la U CBsI3aHA C
NEeBSITUKPATHBIM TIOBBIIIEHUEM PHUCKA Pa3BUTUS
JietajbHoro uexoza [58, 59].

Bocnanenne n YMT-acconuupoBannas koary-
sonatusa. B orser na UMT dopmupyercs cucremnas
BOCITAJIMTEJIbHAST PEAKITHS, TIPUBO/ISINAS, C OIHO CTO-
POHBI, K BOCCTAHOBJIEHUIO U PETreHePalluyl IOBPEK/IeH-
HOIl TKAaHM MO3Ta, HO, B TO K€ BPeMsl, MHUIMUPYIOIIAsT
CUHTE3 1 BBICBOOOK/IEHIE HEHPOTOKCUYECKHX BEIIECTB,
4TO CHOCOBCTBYET JAJIbHEHIIEMY TIOBPEKICHUIO TKAH
royioBHOro Mo3ra. Hewnndekimonnast BocraanresbHast
peakius HAYMHAETCSI y’Ke Yepe3 HECKOJIBKO MUHYT
rocsie YMT 1 MokeT UINTHCA 10 HECKOJIBKUX MECSIIEB
nian paxe Jiet rocye uniuaenta [60, 61]. Oxnum us
TPUTTEPHBIX MEXAHU3MOB SIBJISIETCSI BBICBOOOK/IEHE
MOJIEKYJISIDHBIX (DParMeHTOB, ACCOLUUPOBAHHBIX C
nospexaenrem (Damage-associated molecular pattern
molecules, DAMP) [60]. [Janmble BemiecTsa IMUPOKO
pacrpocTpaHeHbl B KJIETKAX, HO OCOOEHHO YCHJICHHO
DKCIIPECCUPYIOTCS IIPU HEKPOTUYECKOM (He aronTOTH-
YeCKOM ) MOBPEXKIEHUN KJIETOK U KJIETOYHOM CTPecce,
BO3/IEICTBYs] HA MMMYHHYIO CHCTEMY M aKTUBUPYSI
nenppuTHbie KieTkn. MaccoBass rubenb KIETOK,
BbI3BaHHAsI JIEHCTBIEM HEOIATONPUSTHBIX (HaKTOPOB
(He SBIIIONIASICS PE3YJIBTATOM aIlolTo3a ), AKTHBUPYET
CHUCTEMHYIO 3al[UTHYIO PEAKIINIO 32 CUeT BBIOpoca GOJb-
moro kosimaectBa DAMP. Kiierku muesnonHoro psja
pearupyioT Ha MosiBJIEHUe MOBbIIIEHHOTO KOJTMYeCTBa
DAMP passutuem peakiiuii BpOXKJI€HHOTO UMMYHHTE-
Ta u hopMupoBanuem BocrasieHus [62].

Cucrema komiiemenTta (CK) siBisieTcst BasKHOM
Y4acThIO BPOKIEHHOI MIMMYHHO#T cucteMbl. Ona obec-
MeYrBaAeT PeAIN3aIUIO (HaroITo3a U OKA3bIBAET XEMO-
TaKCUYEeCKoe JieiicTBre Ha JieHKouThl [63—64]. Kpome
toro, CK HampsiMyio y4acTByeT B IIUTOJIN3€E TIOBPEXK-
JIEHHBIX UJTU Y4Y/KEPOHBIX KJIETOK ITyTeM 00pa3oBaHust
MeMmGpanoarakyioniero komiiekca (MAC, Membrane
attack complex, C5b-9) [65]. CK TecHo cBsizana c
cucTeMoOl remocrasa, mockosibky MAC aktuBupyer
TPOMOOIIUTHI, BBI3bIBAsI BBICBOOOSKIEHNE MUKPOBE3U-
KyJI, ¥ HHAYIUPYET npeobpasoBaHie MeMOpaH TPOM-
GOIMTOB, YTO MTPUBO/KT K YCUIIEHUIO ATPEraIiui TPOM-
6ouuTos [66, 67]. ITpu YMT npoucxoauT akTHBaLKL
CK u nakoriearie MAC B 30HaX rpaHUIIbI TIOBPEK/IEH-
HOU u 3/0poBOl TKaHel [68—71]. NuTepecuo, 4To
aktuBanus CK cBsizana He TOJIBKO C IEPBUYHOIT TPAB-
MOIi, HO TakKe ¥ BTOPHUYHBIMU IOBDPEXIECHUSIMHU,
BBI3BAHHBIMI I'MITOKCUEI UM HAPYIIIEHISIME B MUKPO-
IUPKYJISITOPHOM pyciie [72—73].

Pousb nporenna C B MexaHH3Me BO3HHKHOBeE-
HUs KoaryJjonatiu. Pazsurtue runonepdysuu B coCy-
JIaX TOJIOBHOTO MO3Ta CTUMYJIHDPYET CBsSI3bIBAHUE
TpoMOMHA ¢ TPOMOOMO/LYIMHOM U JIaJibHElIIee co3/1a-

lease of a large amount of DAMP. Myeloid dendritic
cells respond to appearance of an increased number of
DAMP by development of innate immunity responses
and formation of inflammation [62].

The complement system (CS) is an important
part of the innate immunity system. It provides imple-
mentation of phagocytosis and renders chemotactic
action on leukocytes [63—64]. Besides, CS is directly
involved in cytolysis of damaged or foreign cells by
forming a membrane attack complex (MAC, C5b-9)
[65]. CS is closely related to the hemostasis system
since activates platelets causing release of microvesi-
cles and induces transformation of platelet membranes
resulting in intensified aggregation of platelets [66,
67]. In TBI, CS activates and MAC accumulates in
boundary areas between damaged and healthy tissues
[68—71]. Interestingly, CS activation is connected not
only with the primary trauma, but with secondary
damages caused by hypoxia or microvascular blood
flow disorders as well [72—73].

The role of protein C in the mechanism of co-
agulopathy development. Development of hypoper-
fusion in brain vessels stimulates thrombin binding
with thrombomodulin and subsequent formation of
thrombin-thrombomodulin complex that activates
protein C. Activated protein C blocks plasminogen ac-
tivator inhibitor (PAI-1), which results in hyperfibri-
nolysis and inactivation of factors Va and VIIIa [12].
At the same time, at a later stage of TBI, at the back-
ground of occurred systemic inflammation response,
protein C depletion leading to hypercoagulation is
possible [27].

Fibrinolysis in TBI. A number of authors surmise
that hyperfibrinolysis might be one of possible reasons
for hemorrhagic events during TBI, though exact patho-
physiological mechanisms are yet unclear. The fibrinol-
ysis system serves to prevent undesirable clotting and
functions through the negative feedback mechanism
upon activation of the hemostasis system. It was sug-
gested that excessive activation of the TF hemostasis
system might initiate hyperfibrinolysis [74]. During
TBI, same as during a polytrauma, increased tPA and
fibrinogen degradation products including D-dimer is
observed; besides, PAI-1 level decreases [13, 20, 30, 74—
81]. It has been noted that the above changes in the he-
mostasis system correlate with severity of the condition
and predict adverse outcome after TBI [74—81].

Conclusion

One of the main objectives in the therapy of pa-
tients with severe TBI is to prevent secondary brain
damages. Though the exact mechanisms underlying
development of TBI-associated coagulopathy have
not been fully studied yet, its contribution to forma-
tion of secondary brain damages, manifesting as both
hemorrhagic and ischemic foci, has been demonstrated
in a number of scientific papers. The dynamic nature
of this phenomenon and probable alteration of hyper-
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HEE KOMILIEKCAa TPOMOUH-TPOMOOMO/IYJINH, KOTOPBIii
aktuBupyet nporent C. AKTUBMPOBAHHBIN POTENH
C 6iokupyer MHrHOGUTOP aKTHBATOPA TIJIA3MUHOTEHA
(PAI-1), 4to npuBoANT K ruiepGuOPHMHOIN3Y U MHAK-
tuBanuu ¢daxropoB Va u VIlla [12]. IIpu arom, B
6osee mosaneit cragm YMT, Ha hoHe BO3HUKIIETO
CUCTEMHOTO BOCIAJIHUTENbHOTO OTBETA BO3MOXKHO
ucronienue nporenna C, Bexyiee K TUIIEPKOATYJIsI-
IIUOHHOMY COCTOSTHUIO [27].

®uépunoaus npu UYMT. Psag aBropos mpeano-
jgaraer, 4to TUNepOUOPUHONN3 MOKET SABIATHCS
OJTHO¥1 M3 BO3MOKHBIX ITPUYKMH FeMOPParnyecKux rmpo-
apyieanit ipu YMT, xoTs Tounble nx naTohu3noJI0-
ruyecKue MeXaHU3Mbl OcTaloTcs HescHbl. Cucrema
(bUOPUHOIM3A CIYIKUT JIJISL TTPEIOTBPAIICHIST HEsKea-
TEJIBHOrO TPOMGOOOPA3OBAHU U (HYHKIIHOHUPYET TI0
MEXaHU3My OTPHIATEIbHONW O6PaTHOI CBA3U TIpU
AKTUBAIUYU CHCTEMbI TeMocTaza. BpIio npeznosioxe-
HO, UTO YPe3MepHasi aKTUBAIIM CUCTEMBI FEMOCTA3a
T®D moxer uHUIUUPOBATh TunepdudpuHoIN3 [74].
[Tpu YMT, kak u 11pu coueTaHHOI TPaBMe, OTMEYaeT-
cs1 moBblieHue ypoBHs tPA, a Takike NPOLYKTOB
nerpagaiyu pubpuHOreHa, BKIodas D-1umep, KpoMe
Toro mpoucxoauT cHmkenue yposust PAI-1 [13; 20, 30,
74—81]. Otmeuanoch, 4YTO BbIlIeNEPeUNCIeHHbIE
U3MEHEHUsI CHCTEMBI TEMOCTa3a KOPPEIUPYIOT C
TSKECTBIO COCTOSTHUSI W SIBJISIIOTCS MPEIUKTOPOM
HeOmaronpusaTHoro ucxoga YMT [74—81].
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coagulation and hypocoagulation states necessitate
development of an algorithm to investigate the hemo-
stasis system that would take into account interac-
tions between plasmic, thrombocytic, and fibrinolytic
components of the blood coagulation system.

3akjaoyeHue

OnHO# M3 OCHOBHBIX 3ajla4 Tepallny MnaljueH-
ToB ¢ Tskesmoir UMT aBisercst mpeaynpeskieHue
BTOPUYHBIX ITOBPEKAECHUI TOJOBHOTO MO3Ta. XOTsI
TOUYHbBIE MEXaHU3MBI, JIe;Kallle B OCHOBE BOSHUKHO-
BeHust YMT-acconmmmpoBanHoOil KoaryJaomnaTuu o
CUX TIOp M3YyYeHbI He JI0 KOHIA, ee BKJIaA B (GopMu-
poBaHKMe BTOPUYHBIX IIOBPEKIEHUI TOJOBHOIO
MO3Ta, IPOSIBJISAIOIINXCS B IIOSIBJIEHUH KaK reMoppa-
IMYECKUX, TaK U UIIEMUYECKUX 04aroB, ObLI Ipojie-
MOHCTPUPOBaH B psijie HayuyHbIX paboT. JuHamuye-
CKMIl XapakKTep /[aHHOIO SBJIEHUs, a TaK ’Ke
BEPOSITHOE Yepe/0BaHKe THIIEPKOATYJISAIIMOHHBIX U
TUITOKOATYJISIIMOHHBIX COCTOSIHUN 00y CIaBInBaOT
HEoOXOAUMOCTD B pa3zpaboTKe aJrOpUTMa MCCIe0-
BAaHUSI CHCTEMbI FeMOCTa3a, YIUThIBAIOIIEH B3aUMO-
HeRCTBUS MEXKLY TLIa3MEHHBIM, TPOMOOIUTAPHBIM U
(GUOPUHOMUTUYECKUMU 3BEHbAMU CBEPThIBAIONLEH
CHUCTEMBI KPOBH.
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