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Comparative Aspects of the Regulation of Cutaneous
and Cerebral Microcirculation During Acute Blood Loss
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ITesb vccregoBanmst — yCTAHOBUTH OCOOEHHOCTH PETYJISIIIUI KOKHOIT U 1IepeOpaibHON MUKPOTeMOIMPKY TSI
Ha PAaHHUX CTaISAX OCTPON PUKCHPOBAHHON 10 06beMy KpoBomoTepu ¢ omortbio JIJMD u BeiiBreT-aHamnsa KoJe-
GaHUIl MUKPOKPOBOTOKA.

Marepuasbl ¥ METObI. JKCIIEPUMEHTHI TipoBesn Ha 31 6ecnopoaHbIX Kpbicax-camiiax Maccoit 300—400 T mo
HapKo30M (HeMOyTas 45 Mr/Kr BHYTprOpiomuHHo). C 11e1pi0 u3Mepenus aprepuanbioro aasaenus (AJl) u 3abopa
KPOBH KaTeTEPU3UPOBAJIN XBOCTOBYIO apTePHIo. MUKPOTeMOITUPKYJISINIO B KOJKE IPABOTO YXa M MUATBHBIX COCYIAX
JIEBO TEMEHHOIT 00JIaCTH PErNCTPUPOBAJIN OHOBPEMEHHO METOIOM JIa3ePHOI 1onTiepoBckoii paoymerpun (JI1D)
(ammmapat JIAKK-02; HITIT «JTA3BMA», Poccust). Vlcrioib3oBann Moiesib OCTPOM, PUKCUPOBAHHOMN 0 00beMY KPO-
Bonorepu. LleneBoit 06bem kposororepu 6611 30% ot OLLK. B reyene 10 MuH mocsie OKOHYaHMsI KPOBOIIOTEPH (110~
cTreMopparudeckuii nepuos) mposoauan perucrpanuio A/l u 3armucs JIJID-rpammbt. [Tpu ananuze JIJ{D-rpamMmbr
OIIPeJIEJISLIIN CJIeTyTOlINe TAPAMETPBI: Cpe/iHee 3HaYeHne oKazaTe st Mukporupkysiiinu ([1IM); makcumasbaast am-
IMTYya Koaebanuii kpoBotoka (A,, ) U cooTBeTcTBYIoNas eif yactora (F,,,) B vacrorHom auanazone 0,01 — 0,4
I'n. CrarucTndeckyio 06paboTKy JaHHBIX TPOBOAMIIN B TporpamMe Statistica 7.0.

Pesyabratel. B ucxonnom cocrosuun [IM, A, u F, .. B Mo3re Bbillle ueM B Koke. B mocTreMopparmnyeckom re-
puoge A/l cuusuiocs, B cpegnem, co 105 10 41 mu pr. ct., Ha aToM hore TTM B Koke CHUBUIICS 110 CPABHEHUIO C UC-
xonoM Ha 65%, a B Mo3re Tosibko Ha 17% (p<0,0001). B aToT ke nepmos oTMedanach OJfHOHATIPABIEHHAS TUHAMIKA
u3MeHeHMiT (hiakcMonuil: B 06enx nccieyeMpix 06JacTsIX IIPOUCXOANIO Pe3KOoe yBelndenne Amax 1 CHUKeHe
Fmax. B moctremMmopparnueckom repuojie poNCcXOoANII0 He TOJIbKO «3aMe/lyieHnes (HIAKCMOINE, HO U UX CHHXPOHM-
3alMs B OTHOCUTEIBHO Y3KOH 10J10Ce YacTOoT: it Koskn okoJ10 0,04 Iy (Ha rpanuiie sH10TeMaIbHOTO U HeliporeH-
HOTO inara3ona), 17t Mmo3ra okoso 0,09 [ (Heiiporenublii 1uamna3on).

3axmouenue. Ocrpast kposonorepsi B o6beme 30% ot OLLK cornpoBoskaaercs oJiHOHAIPABIECHHON ANHAMUKO
U3MEHEHUH aMILIITYIHO-4aCTOTHBIX XapaKTEPICTUK KOJIEOAHUI KOKHOTO M MO3TOBOTO KPOBOTOKA: YBEJIMUEHUE aM-
IUTUTY [[bI, 3aMejIJIeH e U CUHXPOHU3AIHsE (DJIAKCMOTIUI B Y3KOM YaCTOTHOM [Haria3one. Pe3yibraThl COOCTBEHHBIX
WCCJIEZIOBAHUI U IAHHBIE JINTEPATYPbI MO3BOJISIIOT BHICKA3ATh ITPEOIOKEHIE O TOM, YTO B YCIOBUSIX FMIIOTEH3MH
MeXaHU3Mbl CHIDKEHUsT IOMUHUPYIOTIEN YacTOThl (pIaKCMOIINI CBSI3aHbI C YMEHbIIIEHIEM JIaBJIeHUs] Ha CTEHKH CO-
CY/IOB, & yBeJTMYeHNe aMIUIUTY/IbI — C AKTUBAIINEH CUMIIATOA/[PEHAJIOBOI CUCTEMBI.

Kantouesvte cnosa: kodichvlil KpOBOMOK; MO320801 KPOBOMOK; MUKPOUUPKYIAUUS; LA3ePHAs. 00NNIeposcKast (.uio-
YMempusi; 6elsIem-anaiu3; 0Cmpas Kpogonomeps

Objective. Using laser Doppler flowmetry (LDF) and wavelet-analysis of microvascular blood flow oscillations
to determine the features of regulation of cutaneous and cerebral microhemocirculation at early stages of acute fixed
volume blood loss.

Materials and methods. Experiments were carried out on 31 male outbred rats weighing 300 g to 400 g. The
animals were anesthetized by intraperitoneal injection of pentobarbital (45 mg/kg). The tail artery was catheterized
for invasive measurement of mean blood pressure (BP) and blood withdrawal. The LDF method (JIAKK-02 device,
LAZMA, Russia) was used to record microvascular blood flow simultaneously in the right ear and the pial vessels of
the left parietal region. An acute fixed-volume hemorrhage model was used. The target blood loss volume was 30%
of the total blood volume (TBV). Within 10 minutes after the end of hemorrhage (posthemorrhagic period), the
blood pressure and the LDF-gram were recorded. The following LDF-gram parameters were analyzed: the mean
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value of IP; the maximum amplitude of blood flow oscillations (Amax) and the corresponding frequency (Fmax) in
the frequency band 0.01—0.4 Hz. Statistical processing of the data was performed using Statistica 7.0.

Results. At baseline, the values of IP, Amax and Fmax in the brain were higher than in the skin. At posthemor-
rhagic period, BP decreased, on average, from 105 to 41 mm Hg. Against this background, IP in the skin decreased
by 65%, while in the brain it reduced only by 17%, as compared with the baseline values (P<0,0001). In the same
time these organs were characterized by a unidirectional dynamics of patterns of fluxmotion. In both investigated
organs, Amax increased sharply, and Fmax decreased. In posthemorrhagic period, fluxmotion not only «slowed
down», but was also synchronized in a relatively narrow frequency band: for the skin Fmax was about 0.04 Hz (at
the border of the endothelial and neurogenic band), for the brain about 0.09 Hz (neurogenic range).

Conclusion. Acute blood loss at a volume of 30% of TBV is accompanied by the unidirectional dynamics of
changes in the amplitude and frequency characteristics of cutaneous and cerebral blood flow oscillations: an increase
in the amplitude, slowing down and synchronization of the fluxmotion in a narrow frequency band. The results of
present study and literature data allow assuming that during hypotension, the mechanisms for reducing the dominant
fluxmotion pattern frequency are associated with a decrease in pressure on the vessel walls, while an increase in am-

plitude is associated with the activation of the sympathoadrenal system.

Keywords: skin; brain; microcirculation; laser Doppler flowmetry; wavelet analysis; acute blood loss
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BBenenne

B martorenese Tskenoil ocTpoil KpoBOIOTEpU
BBIJIEJIIIOT HECKOJBKO (haKTOPOB, BAKHENUITUMU W3
KOTOPBIX ABJISIOTCS TUIIOBOJIEMUS, CHUKEHHUE KICJI0-
PO/IHOI eMKOCTH KpoBH (aHeMus) u rurornepdysus
Tkaneii. [leficTBue atux (axToOpoB Be/eT K Pa3BUTHIO
TUTIOKCUHU U TIOBPEXKACHUS KIETOK C TOCAeYIONIei
opranHoii rucdynkimeit. C 1pyroii CrTopoHbl, IepBUY-
HbBIE TEMOJIMHAMUYECKUE 1 METAOOINYECKIe HAPYIITe-
HUS 3aIIyCKAIOT B OPraHU3Me KOMILIEKC KOMIIEHCATOP-
HO-TIPUCIIOCOOUTETBHDBIX PEAKIINN, HATIPABJIECHHBIX HA
BoccTaHoByienne romeoctaza [1]. Llentpanusamnus
KpoBOOOpallleHus, Hapsiy ¢ MOOMIM3alei JeOHu -
POBaHHOU KPOBU U ayTOTEMOIUTIONNEN, ABIAETCI
OJIHOW U3 PAHHUX KOMIIEHCATOPHO-TTPUCIIOCOOUTE -
HBIX peakIeil opranuaMa Ha Kposororepio. CyTb ee
3aKJI0YaeTCs B IepepacipesiesieHun  CepedyHoro
BBIOPOCA B MOJIb3Y JKU3HEHHO BAKHBIX OPTAHOB (Ccepi-
Ile ¥ MO3T), 32 CUET BAa30KOHCTPUKIIUUA B PETHOHAX
MeHee UyBCTBUTEIBHBIX K UIIeMUH (KOKa, MBIIIIIHI,
JKeJyZIouHO-KuIIeuHblid TpakT). Ilpu atom, ToHyc
COCY/IOB B TOM HJIK THOM COCYIUCTOM OacceiiHe orpe-
JiesigeTcs He TOJbKO aKTUBAIIME CUMITATO-aPeHAO-
BOI CHCTeMbl, HO I TECHBIM ee B3auMOjlefiCTBIeM C
JIPYTUMU PETyJAATOPHBIMU (DaKTOpaMu, TAKUMH KaK
HHJIOTETMAIbHAS, MECTHAST META0OIMIECKast U cOOCT-
BEHHO MUOTEHHAS PETyJANMsS COCYIAUCTOrO TOHYyCA.
[ToaTOMy WM3MeHeHUS PErMOHAPHOTO KPOBOTOKA WU
MUKPOIUPKYJIAIUN TIPU OCTPON KPOBOTIOTEPE MOTYT
3HAYNTEJBHO PA3JInYaThCsA B OPraHaxX ¢ Pa3HBIMU MOP-
dostormueckuMu 1 HyHKIMOHAIBHBIMU 0COOEHHOCTS -
MU KpoBOCHaGkeHus [2].

KpoBocHabskeHIe KOKH ITPU OCTPOii KPOBOIIOTEPE
3HAYUTEJBHO CHUKAETCS, YTO B KJIMHUYECKUX YCJIOBUSAX
nposiBsiercst 6J1eHOCTbIO (MHOIa MPaMOPHOCTbHIO)
KOKHOTO ITOKPOBA ¥ CHIKEHUEM 1TepruhepruiecKoil TeM-
neparypbl Tesa. B akcriepuMeHTaIbHbIX 1 KITMHITYECKUX
HCCJIEJIOBAHUAX TIPU TeMOPPArnYecKoM IIOKe B KOXKe
HaGJIIOIAJTNCE BHIPAsKEHHAST BASBOKOHCTPHUKITUS, CHIKE-
Hue nepdy3nu 1 MUKPOITUPKYJIATOPHbIE HAPYIIEHN [ 3,
4]. TomoBHOIT MO3T SABJIAETCS KU3HEHHO BasKHBIM Opra-

Introduction

Several factors have been identified in the patho-
genesis of severe acute blood loss. The most important
factors include hypovolemia, decreased oxygen-carry-
ing capacity of blood (anemia), and tissue hypoperfu-
sion. Impact of these factors leads to the development
of hypoxia and cell injury followed by organ dysfunc-
tion. On the other hand, initial hemodynamic and meta-
bolic alterations trigger a set of compensatory and
adaptive reactions in the body to restore the homeosta-
sis [1]. The centralization of circulation, along with the
mobilization of deposited blood and auto-hemodilution,
is one of the initial compensatory-adaptive body re-
sponses to blood loss. Its essence lies in the redistribu-
tion of cardiac output in favor of the vital organs (heart
and brain), through the vasoconstriction in regions
which are less sensitive to ischemia (skin, muscle, gas-
trointestinal tract). At that, vascular tone in a particu-
lar vascular region is determined not only by the
activation of sympathoadrenal system, but also close in-
teraction of this system with other regulatory factors,
such as endothelial, local metabolic and myogenic reg-
ulation of vascular tone. Therefore, regional blood flow
and microvascular alterations in the acute blood flow
can vary significantly in organs with different morpho-
logical and functional features of blood supply [2].

Cutaneous blood supply is significantly reduced
in acute blood loss. In clinical setting this is mani-
fested through pale (sometimes mottled) skin and de-
creased peripheral body temperature. In experimental
and clinical studies, severe vasoconstriction, decreased
perfusion and microcirculatory disturbances were ob-
served in the skin during hemorrhagic shock |3, 4].
The brain is a vital organ thence during acute hemor-
rhage its blood supply is maintained at a relatively
constant level. This is due both to a pronounced abil-
ity of cerebral vessels to blood flow autoregulation and
the centralization of circulation [5, 6]. Compensatory
possibilities, however, are not unlimited. In severe he-
morrhagic shock or under the influence of additional
aggravating factors the cerebral blood flow is reduced,
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HOM, TI09TOMY ITPH OCTPOIi KPOBOIIOTEPE €r0 KPOBOCHAG-
JKEHUE TTOJIEP;KUBAECTCST HA OTHOCUTETBHO MOCTOSTHHOM
ypoBHe. DT0 00YCJIOBIEHO KaK BBIPAKEHHON CI10CO6-
HOCTbIO 11epeOPaIbHBIX COCY/IOB K ay TOPETYJIAIIN KPO-
BOTOKa, TaK ¥ [[eHTpaIn3alieil kpopoobpaiieHus |5, 6].
O/HaKO pe3epBbl KOMIIEHCATOPHBIX BO3MOKHOCTEH He
GesrpaHnaHbl. [TpH TSIKEJIOM TeMOPParnIeckoM IOKe
WJTW JIGWCTBUY JIOTIOJTHUTETBHBIX OTSTYAIONTUX (haKTO-
POB MO3TOBOI KPOBOTOK CHUZKAETCS, YTO COITPOBOK/IA-
eTcs pa3BUTHEM 3IHIEhATONATHH U TUITOKCHUECKUX
ToBpesk/IeHnH Mo3ra [7, 8].

Jlazepuas nomuteposckast hroymerpus (JID)
MO3BOJISIET HE TOJIHKO UCCIIEI0BATH BEJTMUNHY KPOBO-
TOKa HA YPOBHE MUKPOIUPKYJISIIAN, HO U C TIOMOIIHIO
MareMaTHIeCKOTo aHajIu3a ero Kojebanuii ((rakemo-
1uii, ot anrir. fluxmotion) orieHUTH AKTUBHOCTD MeXa-
HU3MOB PeTyJsIum MUKporupkyadiuu [9]. Panee B
DKCIIEPUMEHTE YsKe OBLIO MOKa3aHO, 4TO OCTPasi KPo-
BOTIOTEPSI U TIOCJeAyIonias pernepdysust COmpoBOK-
JIATOTCST CYTIECTBEHHBIMU UBMEHEHWSIMU aMTLIATY/THO-
4acTOTHOIO cuekTpa duakemonuii B koxxe [10] u
moare [11, 12], uTo oTpaskaeT n3MeHeHNe aKTUBHOCTH
(baxTopoB perymsiun MuKponupkKyJasiiiun. OHaKO B
JIOCTYITHOM JIUTepaType He HaliieHo paboT, IOCBSIIEH-
HBIX U3YYEHUIO CPAaBHUTEIBHBIX ACMIEKTOB KOKHOW 1
MO3TOBOU MUKPOIUPKYJISAIINN € AaHAIN30M (DJIaKCMO-
1A TIPU OCTPON KPOBOTIOTEPE.

[LesTh HACTOSITIETO HKCIIEPUMEHTATBHOTO HCCJIe-
JIOBAHUST: YCTAaHOBUTH OCOOEHHOCTH PETYJISIIUN KOXK-
HOII 1 11epeOpaIbHON MUKPOTEeMOITUPKYJISIIIN Ha PaH-
HUX CTaJsIX OCTPOi (DUKCHPOBAHHOH 1O 0Obemy
KpoBotoTtepu ¢ momotisio JIJM u BeiiBrer-aHamm3a
KoJiebaHNii MUKPOKPOBOTOKA.

MaTepI/IaJI U METO/1bl

IKcrepuMeHTbI poBesin Ha 31 GecropoIHbIX KPbIcax-
camitax Maccoit 300—400 r o HapkozoM (HemOyTas 45 MI/Kr
BHYTPUOPIONIMHHO), B YCJIOBUSIX CIMIOHTAHHOTO JABIXaHUsT ¥
TemMIepaTypsl okpy:katorieir cpexbl 20—22°C. Arectesmnio
MOUIEPIKUBAJIN TIOBTOPHBIMU BHYTPUOPIONIMHHBIMU MHBEK-
siMu aHecrerrka (HemOyTan 10 Mr/kr no tpebosanuio). C
11eJIbI0 MHBA3MBHOTO M3MEPEHNUST CPETHETO apTepPHaTbHOTO
nasnenust (AJl) u 3a60pa KPOBU KaTeTepU3KHPOBaI XBOCTO-
ByIO apTepuio. Katerep meproaecKkyt IpOMBIBAJIN PACTBO-
pom Hedpakmnornposartoro remapuna (0,1 v, 50 EJT/mor).

TonoBy kMBOTHOTO (UKCHPOBATH B CIIEIHMAIBHOM
cranke. [Tocire cperHHOTO paspe3a KOKU M MATKNX TKaHeH
rOJIOBBI, C MOMOIIBIO Oypa BBITIOJHSIN KPAHUOTOMUIO B
JIEBOM TeMEHHOM 06J1acTh (JinaMeTp OTBEPCTHS 2 MM, KOOP-
JITHATHI IIEHTPA: 3 MM KayJaJbHO OT JuHUN bperma, 2 MM
JieBee OT CaruTTaJIbHOTO 1Ba). TBepayio MO3TroByi0 000-
JIOUKY W TOHKWIT BHYTPEHHUH CJIOI KOCTH OCTaBJISIIN UH-
TAKTHBIMHU, YBIAKHIIN GU3UOTOTHIECKUM PACTBOPOM.

KpoBOTOK B HEOKOPTEKCE M KOXKe yXa KPbICHI PETH-
CTPUPOBAJIN METOJIOM JIA3€PHOM JIONTIIIEPOBCKOI (huroymeT-
puu (JII®D). Cyrp merona JIJD coctout B ONTUYECKOM
HEWHBA3UBHOM 30H/IPOBAHNUN TKaHEH MOHOXPOMAaTHUECKUM
JIa3ePHBIM M3JIyYeHUEeM U aHAJIN3€ U3JIYIEHNST, OTPAKEHHOTO
OT IBVWZKYTIUXCS B TKaHAX aputporntos |13, 14]. Otpasken-
HOE OT IOJBYKHBIX YacTUI[ (9PUTPOIUTOB) HU3JIyUeHHE
“MeeT JONIJIEPOBCKOE CMEIeHNe YaCTOThl OTHOCHTETBHO

which is accompanied by the development of en-
cephalopathy and hypoxic brain damage [7, 8].

The laser Doppler flowmetry (LDF) allows not
only to investigate the microcirculatory blood flow,
but also to assess the regulatory mechanisms of micro-
circulation by means of a mathematical analysis of
blood flow oscillations (fluxmotions) [9]. Previously
in experimental settings it had been already shown
that the acute blood loss and subsequent reperfusion
were accompanied by significant changes in the am-
plitude and frequency of fluxmotions in the skin [10],
and brain [11, 12], which reflected a change in activity
of the regulatory factors of microcirculation. However,
no studies on the comparative aspects of cutaneous
and cerebral microcirculation with fluxmotion analy-
sis in acute blood loss have been published.

The purpose of the study was to characterize the
features of cutaneous and cerebral microcirculation in
the early stages of acute fixed-volume blood loss using
LDF and wavelet analysis.

Materials and Methods

Experimental studies were started after the approval
by the Ethical Committee of the V. A. Negovsky Research
Institute of General Reanimatology. Experiments were car-
ried out on 31 male outbred rats weighing 300g to 400g dur-
ing spontaneous breathing, at a room temperature of
20—22°C. The animals were anesthetized with an intraperi-
toneal injection of pentobarbital (45 mg/kg). Anesthesia
was maintained by additional intraperitoneal injections of
the anesthetic (pentobarbital 10 mg/kg as required). The
caudal artery was catheterized for invasive measurement of
the average blood pressure (BP) and blood withdrawal. The
catheter was flushed intermittently with saline solution
(0.1 ml) containing 50 IU/ml of unfractionated heparin.

Heads of anesthetized rats were firmly fixed using a
special device. After a midline incision of skin and soft tis-
sues of the head, a craniotomy was performed in the left site
of the parietal bone using a drill (the hole diameter was 2
mm, the coordinates of the center were as follows: 3 mm cau-
dal from Bregma and 2 mm to the left from the sagittal su-
ture). The dura mater and a thin inner layer of the bone
remained intact and were moistened with the saline.

The cerebral blood flow in rat’s neocortex and cuta-
neous blood flow in the rat’s ear were recorded by LDFE. The
purpose of the LDF is a non-invasive optical tissue sensing
using monochromatic laser and analysis of the radiation re-
flected from moving red blood cells [13, 14]. The reflected
radiation from moving red blood cells has a Doppler shift
relative to the probe beam. This variable component of the
reflected signal is proportional to the number of red blood
cells in the investigated area and to their velocity. Then the
computer software calculates the index of perfusion (IP)
that reflects the tissue perfusion level in the tested volume
of the tissue (about 1 mm?) per time unit and is measured in
arbitrary perfusion units (PU).

Variations of the IP represent a complex function that
includes different harmonic components. Using mathemat-
ical analysis based on Fourier transforms, one can identify
these harmonic components. For this purpose, the wavelet
analysis with high resolution have been used [15]. Spectral
decomposition of LDF-gram into harmonic components en-
ables one to determine the amplitude and frequency charac-
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30H/IUPYIOIIETO CUTHAJIA. JTa TePeMEeHHAsI COCTABIISIONIAS
OTPa’keHHOTO CUTHAJIA ITPOIIOPI[OHATbHA KOJIMYECTBY 9PUT-
POIINTOB B 30HANUPYEMOIT 00IACTH 1 UX CKOPOCTH. B pesyib-
Tare KOMIIBIOTEPHOI 00PAabOTKH OTPasKEeHHOTO CHTHAJA
opmupyetcs mokazaTesns Mukporupkystin (1IM), otpa-
JKAIONMH yPOBEHD mepdy3un nccyaeyeMoro oobeMa TKaHu
(okomo 1 MM®) B eIMHUITY BpEMEHU U N3MepSIEMBII B OTHO-
CUTENbHBIX 1Tephy3NOHHBIX efnHNTaX (TId. e71.).

Kounebanus [IM BO BpeMeHU IpPEACTABJIAIOT COOON
CJIOKHYIO (DYHKIINIO, B KOTOPOI IPUCYTCTBYIOT Pa3Hble rap-
MOHWYeCKHe cocTaJrtontre. [Ipi MatemaTiaeckoM aHasImse,
OCHOBaHHOM Ha npeobpasoBatiy Dypbe, MOKHO BBISIBATH
9T TapMOHHUYeCKHe cocTapistionue. [[ist aTux 1eseil nc-
MOJTB3YETCsT MAaTEMATUYECKHIT allapar BelBJeT-peobpaso-
Banust [15], oTyiMyalomuiicss BBICOKOI paspemnraionieit
crioco6HOCTBI0. CriekTpasnbhoe pasnoxenue JIJID-rpammb
ZIaeT BO3MOKHOCTD OTIPE/IEJIUTD aMILTATY/THO-9aCTOTHBIE Xa-
PAKTEPUCTUKY KOJIeOaH!iT KPOBOTOKA HA MUKPOITHPKYJISITOP-
HOM ypoBHe (hIaKCcMOIii ).

B paunoii paboTe MCIIOIB30BAIN TOAXO/ K AaHATIU3Y
dbraxemonuii, TOPa3yMeBaOMINIT BbI/IeIEHIE MAKCUMATTh-
HOW aMIUTHTYAbI KOJIebaHuit MUKPOKPOBOTOKA (A ) ¥ CO-
orBetcTByIomeir et uactorel (F,,.). Taxoit momxoxm
TI03BOJISIET BBISIBUTD IOMUHHPYIONLYIO aMILJIITYTHO-4aCcTOT-
HYIO COCTaBJISIONTYI0 (DJIAKCMOIINIT TIPY M3MeHeHN! (DyHK-
IMOHAJIBHOTO COCTOSIHUSI OPTaHu3Ma, OCOOEHHO MpPHU
PErUCTpPallNy TaK HA3bIBAEMBIX <«MeJJIEHHO-BOJHOBBIX»
durakemonuii (anen. slow-wave flowmotion) [16], koTopsie
YaCTO BBIIBJLINCH B HAIIMX 9KCIEPIMEHTAX B IIOCTTEMOP-
parmIeckoM mepuoe.

ITo naHHbBIM JIUTEPATYPBI NCITOJIB3YETCS TAKKE JIPyTast
MeToInKa aHaym3a duakcMonuil. B ocHoBe ee JieskuT BbIe-
JIEHVE HECKOJIbKUX YaCTOTHBIX /[UAITa30HOB, B PAMKaX KOTO-
PBIX C TIOMOIIBIO BEUBJIET-AHAIN3A  OIPEAETSIIOTCS
COOTBETCTBYOIIIIE MAKCUMAJIbHbIE aMILIUTY/bl KOJIeOaHuii
MHUKPOKPOBOTOKA [9, 15]. [paHuirs! 0T1ebHOTO 4aCTOTHOTO
JIMaria3oHa OIMPe/IeNIIOTCST TIPUPOION KOHKPETHOTO MeXa-
HU3Ma PEeryJIsiui MUKPOIMPKYJISIIH, 2 MAKCUMAJIbHAS aM-
IJIMTYA OTPAKAET aKTMBHOCTH JAHHOTO MeXaHW3Ma BO
Bpemst JI/TD-merpum. T.e. crieKTpaIbHbIiN aHaim3 GrakeMo-
U TI03BOJISIET OLEHUTD COCTOSIHUE MEXAHU3MOB PETYJIsI-
IIUU MUKPOTEMOIINPKYJIAINN U U3MEHeHNe UX aKTUBHOCTH
0/I BJIMSHUEM Pa3anyHbIX (haxTopoB. Cpeir MeXaHu3MOB
PEryJISIiini MUKPOTeMOIMPKYJISIIIUT PA3IMYaloT aKTUBHBIE
u raccuBHble (haKTOPbl. AKTUBHBIE (DAKTOPBI MOJIYJISIIII
KPOBOTOKA — 3TO SH/I0TEIUAJIbHBIN, HEHPOreHHbII 1 cOOCT-
BEHHO MMOTEHHbIII MEXaHU3MbI PETYJISIUH TPOCBETA COCY-
J0B. AT (GaKTOPBI MOAYJIUPYIOT TIOTOK KPOBH CO CTOPOHBI
COCYIIMCTON CTEHKH, PEANN3YIOTCS Yepe3 ee MBIIEUHbII
KOMITOHEHT ¥ CO3/IAI0T KOJIeGaHUsI KPOBOTOKA IIOCPEACTBOM
Yepe/I0BaHUs ATHM30/I0B BA3OKOHCTPUKIINY U Ba30UJIaTa-
. B ranHOM ciryuae putMudeckie KoiebaHus KPOBOTOKA
B MUKPOIMPKYJAATOPHOM pyciie ((uakemonnn) o6ycaos-
JIEHbI PUTMUYECKUMHE KOJCOAHUSIMU IHaAMETPa MUKPOCOCY -
JI0B, IIPEXK/Ie Bcero, apreprost (Bazomonusmu). [laccuBhbre
akTopbl, BbI3bIBaIONINE KOJIeOAHMSI KPOBOTOKA BHE CHU-
CTEMbI MUKPOIIMPKYJISIIIH, — 9TO IIyJIbCOBAsi BOJIHA CO CTO-
POHBI aPTEPHii U IIPUCACHIBAIONIEE IENCTBIE «/IbIXATETBHOTO
Hacoca» CO CTOPOHBI BEH.

VY 1a6opaTopHbIX JKUBOTHBIX JIJISI KAJKAOTO U3 ISATH
NPUBEIEHHBIX MEXAaHU3MOB PETYJISIIINI KPOBOTOKA (B KOXKE)
XapaKTePHBbIMU JIMAIIA30HAMHU YaCTOT SBJISIOTCS CJIE/YI0-
nme: augorenuanpubiii — 0,01—0,04 [, neitporenusiii —
0,04—0,15 I';, Muorennsrit — 0,15—0,4 ', ApIXaTEIBHBIN —
0,4—2 T'ui, mysibcoBoit — 2—5 T [17]. B uccnenosanuu B. B.
Anexcanapuna [ 18] KosebaHmst MO3TOBOTO KPOBOTOKA Heli-

teristics of blood flow oscillations at the microcirculatory
level (fluxmotion).

In this study, we applied an approach to fluxmotion
analysis that involved an allocation of a maximum amplitude
of microvascular blood flow oscillations (A,,,) and the cor-
responding frequency (F,,,.). This approach allows identi-
fying the dominant amplitude and frequency component of
fluxmotion during changes in the functional state of the or-
ganism, especially during the registration of so-called «slow
wave» fluxmotion [16], which is often detected in our ex-
periments in the posthemorrhagic period.

According to the literature, the other method of flux-
motion analysis is also used. It is based on the selection of
multiple frequency bands within which the corresponding
maximum amplitudes of microvascular blood flow oscilla-
tions are determined using wavelet analysis [9, 15]. The
boundaries of a single frequency band are determined by the
nature of the specific mechanism of blood flow regulation,
and the maximum amplitude reflects the activity of this
mechanism during LDF registration. Thus, the spectral
analysis of fluxmotion allows assessing the state of regula-
tory mechanisms of microcirculation and changing their ac-
tivity under the influence of various factors. The regulatory
mechanisms of microcirculation include active and passive
factors. Active blood flow modulation factors are endothe-
lial, neurogenic and myogenic mechanisms of vascular lumen
regulation. These factors modulate the blood flow affecting
the vascular wall, are released through muscular component
of the latter creating oscillations in the blood flow through
vasoconstriction and vasodilation alternation. In this case,
rhythmic blood flow oscillations in the microvasculature
(fluxmotion) are caused by rhythmic oscillations in the di-
ameter of microvessels, primarily, arterioles (vasomotions).
Passive factors cause oscillations of blood flow outside the
microvasculature. These are a pulse wave from the arteries
and the «respiratory pump» from the veins.

In laboratory animals, for each of five mentioned
blood flow regulatory mechanisms (for the skin), the char-
acteristic frequency bands were as follows: endothelial
(Ae) — 0.01—0.04 Hz, neurogenic (An) — 0.04—0.15 Hz,
myogenic (Am) — 0.15—0.4 Hz, respiratory (Ar) — 0.4—2 Hz,
pulse (Ap) —2—5 Hz [17]. A study by V. V. Alexandrin
[18] demonstrated that the cerebral blood flow oscilla-
tions of neurogenic (sympathetic adrenergic) origin were
recorded within the band 0.04—0.126 Hz.

Probe No.1 of device LAKK-02 (SPE «<LAZMA», Rus-
sia; wavelength: 0.63 pm) was set over the inner surface of
the right ear and probe No.2 was mounted above the trephine
opening prepared in advance with a minimal clearance. Care
was taken to place the probe at areas with minimal vascular-
ization. The LDF-gram registration was performed simulta-
neously in the skin and brain for 8—10 min at each stage of
the experiment. When there were significant «noise factors»
(due to the movements of the rat, external noise etc.) LDF-
gram fragments that lasted at least for 4 minutes (without
«noise») were allocated. The following LDF-gram parame-
ters were analyzed: the mean value of IP within the registra-
tion time interval; the maximum amplitude of blood flow
oscillations (A,,,,) and the corresponding frequency (F )
within the frequency band of 0.01—0.4 Hz.

We employed an acute fixed-volume hemorrhage
model that allows evaluating the natural course of the
pathological process in posthemorrhagic period [19]. The
circulating blood volume (CBV) was calculated as 6.5% of
rat’s body weight [20, 21]. The target blood loss volume was
30% of CBV. Blood was withdrawn by means of a syringe in
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POTreHHOTO (CUMITATHYECKOTO a/[peHEPrnYecKoro) reHesa pe-
ructpupoBaiuch B quanazone 0,04—0,126 T

CsetoBoil 30H1 Nel JByXKaHAJIBHOIO arniapara
JIAKK-02 (HIIIT «JIA3BMA», Mocksa, Poccusi; nnuna
BoJtHBI 0,63 MKM) yCTaHABJINBAJIM HAJl BHYTPEHHEI TOBEPX-
HOCTBIO ITPABOTO YXa, 30H/1 Ne2 — Ha/l OATOTOBJIEHHBIM Tpe-
MaHAIMOHHBIM OTBEPCTUEM C MUHUMAJIBHBIM 3a30POM, 110
BO3MOKHOCTH, u3berasi onaJanus B 00JacTb PerucTpaiun
KPOBOTOKA KPYMHBIX cocyoB. 3anuch JI/[D-rpammbr ocy-
LIECTBJISJIN OJJHOBPEMEHHO B KOXKE ¥ MO3Te Ha KaXK/IIOM M3
3TaroB akciiepuMenTa B reyenuie 8—10 mun. [Ipu nanmunn
BBIPAKCHHBIX apTedakToB (BCJACNCTBHE JABUIKECHUI KPbICHI,
BHEIMHUX ToMex) Boieasan dparmentst JI/{D-rpammpr
[IPOJOJIKUTEIbHOCTBIO He MeHee 4 MuH (e3 apTedakTos.
[Tpu ananuze kaxoit JIJIMD-rpaMMbl ONIpeessiig CIenyio-
e mapameTpsl: cpegHee 3HadeHue [IM B unrepsase Bpe-
MEHU PETHCTPAIINM; MAKCUMAJIbHAS aMILIUTY/a KoJieGaHui
KpoBoTOKa (Amax) u cooTBeTcTBYM0MIad eii yactora (Fmax)
B yacroraoM juanasone 0,01—0,4 I

B sanHOii paboTe UCIIOIb30BAIM MOJIE]Ib OCTPO (DUK-
CUPOBAHHOI 110 00bEMY KPOBOIOTEPHU, O3BOJISIOIIEN Ol1e-
HUTb €CTECTBEHHOE TEUYEHHE TTaTOJIOTHYECKOTO Ipoliecca B
nocrremopparudeckom repuozie [19]. OILK kpwbicht paccun-
ThiBaIM Kak 6,5% ot maccet Tesa [20, 21]. TeneBoii 06bem
kposonorepu cocrasua 30% or OIIK. Kposb 3abupanu
LIITPULIEM M3 XBOCTOBOI apTEPUH, TPEMS PABHBIMU TIOPIUAMU
(110 10% OILK) B Teuenwe 20 mut (1-s1, 10-51 11 20-51 MUHYTBI).

Peructpanuio cpeanero A/l u 3armice JIJID-rpammbr
[IPOBOJIMJIM B UCXOAHOM cocTosiiuu (uepe3 20 MuH crabu-
JIN3AIMY TIOCJIE TTOJITOTOBUTEIBHBIX IPOIIE/YP) U B TCUCHUE
10 MuH nocse TpeTbero 3abopa KpoBu (IocTreMoppariye-
CKUII Iepuoz).

DBTAHA3UIO OCYIIECTBJISIN JIETATTHHON /103011 aHecTe-
tuka (HemOyTas 150 mr/kr).

Craructudeckyo 06pabOTKy JaHHBIX MPOBOAUIU B
nporpamMe Statistica 7.0 /L5 oleHKu J0CTOBEPHOCTH pas-
JIMYUI COOTBETCTBYIONINX TT0Ka3aTesel B KOKe U MO3Te UC-
noab3oBasn kputepuit U Bunkokcona—Manna—YurtHu,
M3MEHEHUS [T0Ka3aTe sl 10C/Ie KPOBOIIOTEPH 110 CPABHCHUIO
¢ ucxojioM — napHsbiil kpurepuit T Bunkokcona. Paznuuus
CYUTAIN IOCTOBEPHBIME TTPH ypoBHe 3Haunmoctu p<0,05.
AHanu3upyeMble BEJTMIUHBI TIPe/IcTaBu/In B Buzie: Me (25%;
75%). O6beM KPOBOLOTEPU TIPEACTABUIIM B BUJIE CPEAHETO
suavenus (M) u ommbku cpeameit (m).

Pe3yibraTel 1 00Cy:KIeHHE

O6beM kpoBomnorepu cocraBusn 6,5+0,2 ML
OcHOBHBIE Pe3yJIbTAThI JAHHOU PaBOThI TPUBE/IEHBI B
tabsmiie. B ucxoHOM cocTostHuM, Ha POHE HOPMAJTh-
HOTO 17151 KpBIchl cpesinero A/l snauenus [IM B Mmosre
ObLIH TTOYTH B 3 pa3a BhIIIIE, 4eM B KOKe. [TosryueHHbIe
pazinuus B Iepdy3ur KOKU U MO3Ta OKUIAEMbI U
COOTBETCTBYIOT N3BECTHBIM aHATOMO-(hYHKITMOHAIb-
HBIM 0COOEHHOCTSIM KPOBOCHAOKEHMSI 9TUX OPTAHOB
[2]. B wacTHOCTH, MO3TOBOII KPOBOTOK TO/I/IEP/KIBA-
eTcs Ha OTHOCHUTEJBHO BBICOKOM YPOBHE Jla’ke B
COCTOSTHUYM (PYHKIMOHAJIBLHOTO TOKOS W HapKo3a,
BBUJLY IIOCTOSIHHO BBICOKUX 9HEPTETUYECKUX MOTPED-
HOCTeN MOo3Ta. DHEPreTUuIecKue MoTPeGHOCTH KOKU
3HAYNTETHHO HUXKE, @ yBeJIMYCHIE KOKHOTO KPOBOTO-
Ka 00BIYHO SIBJISIETCSI TIPOSIBIEHUEM TEPMOPETYJISIIIUT
[IPY TUTIEPTEPMUN W OCYIIECTBISETCS 32 CYET OTKPDI-
THS APTEPUOBEHO3HBIX AHACTOMO30B (IIIYHTOB).

three equal portions (10% of the CBV) during 20 min (1%,
10% and 20" minute).

Registration of mean blood pressure (BP) and LDF-
gram was performed at a baseline (20 min after animal sta-
bilization) and within 10 minutes after the third step of
blood loss (posthemorrhagic period).

The animals were euthanized by an injection of a
lethal dose of pentobarbital (150 mg/kg).

Statistical processing of the data was performed using
the Statistica 7.0 software. To assess the significance of dif-
ferences between the same parameters in the skin and the
brain the Mann-Whitney U test was used. To assess the sig-
nificance of parameter changed after the blood loss as com-
pared to the baseline, a Wilcoxon signed-rank test was
employed. Differences were considered significant at
P<0.05. The analyzed values were reported as median and
25% and 75% quartile ranges: Me (25%, 75%). The amount
of blood loss was reported as a mean (M) and a standard
error of the mean (m).

Results and Discussion

The volume of the blood loss was 6.5+0.2 ml. The
main results of this study are presented in the Table. At
the baseline, against the background of a normal mean
BP for rats, the values of IP in the brain were almost 3
times higher than that in the skin. The obtained differ-
ences in the skin and brain perfusion are expected and
correspond to known anatomical and functional features
of the blood supply of these organs [2]. Particularly, the
cerebral blood flow is maintained at a relatively high
level even at a rest and anesthesia, due to constantly high
demand of the brain in energy. The energy demand of
the skin seems much lower. The increase in skin blood
flow is generally a manifestation of thermoregulation
during hyperthermia and carried out through the open-
ing of arteriovenous anastomoses (shunts).

The frequency band (0.01—0.4 Hz) used in this
study for spectral analysis of fluxmotion contains infor-
mation about all three factors of active regulation of mi-
crocirculation (endothelium, neurogenic influence and
intrinsic activity of smooth muscle cells). The use of
such a «generalized» band was justified among others
by data on the relative conventionality of correspon-
ding subbands delimitation. For example, sympathetic
denervation in an experiment on rats led to a change in
fluxmotion amplitudes not only in the neurogenic band,
but also in the whole «active» one [22].

Wavelet analysis of LDF-grams at the baseline re-
vealed differences between the amplitude and frequency
characteristics of perfusion oscillations in the skin and
brain. Both A, and corresponding F,. in the brain were
higher than those in the skin (Table). Subtle differences
of skin and brain in A, is apparently due to the fact that
the absolute value of A, is largely determined by the
anatomical and functional characteristics of the investi-
gated organ and the heterogeneity of its perfusion.

It was noteworthy that the studied organs dif-
fered in the dominant fluxmotion frequency at the
baseline: 0.06 (0.03; 0.17) Hz in the skin vs 0.16 (0.1;
0.24) Hz in the brain. Given the above frequency bands
for rats (see the section «Materials and Methods» ), we
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3meHeHus mapaMeTpoB KOKHOI 1 MO3rOBON MUKPOLMPKYJISIMH IPU 0CTPOii KpoBonotepe. Me (25%; 75%).
Changing the parameters of cutaneous and cerebral microcirculation in acute blood loss. Me (25%; 75%).
Stage of experiment Skin Brain BP, mmHg
P, PU A, PU F, .o Hz P, PU Apar PU F, .o Hz
Baseline 6,5 0,11 0,06 18,6* 0,19* 0,16* 105
(4,6;8,2) (0,07:0,13)  (0,03017)  (17,0;23,0)  (0,16;023)  (0,1;0,24)  (100;115)
Posthemorrhagic period 2,3%%* 0,41%* 0,04*% 15,4%** 1,0%** 0,09%* 41%*
(1,8;4,3) (0,19;0,75)  (0,04;0,04)  (13,5;20,0) (08; 1,5) (0,08,0,1)  (35;46)

Note. * — P<0.0007 vs corresponding parameter in the skin at the same stage of the experiment; ** — P<0.0001 vs Baseline; * — P<0.005

vs Baseline.
PU — perfusion unit; IP — the index of perfusion, PU; A

max

— the maximum amplitude of fluxmotion in the band of 0,01—0,4 Hz, PU;

F .« — fluxmotion frequency, corresponding to A, Hz; BP — blood pressure.

ITpumeuanue. Stage of experiment — atam axcneprmenta; Skin — koxa;
— MakcuMasbHas aMiutyza dhiakemoruii B uarnazone 0,01—0,4 I F

10Ka3aTesIb MUKPOLMPKYJIALMN, T1ep(y3UOHHbBIE eMHUIbE A,

Brain — mosr; BP — cpennee aprepnanpaoe nasienne; [P, PU —

max

gacTota (hIIAKCMOIIHH, COOTBETCTBYIONIAS A, ['T; Baseline — rcxomroe cocrostrue; Posthemorrhagic period — moctremoppariraeckii meproz.
* — p<0,0007 110 CpaBHEHHIO € COOTBETCTBYIONINM MOKa3aTesIeM B KOJKe B TOT ke reprioz Habsmozenst; ** — p<0,0001 1o cpaBHEHUIO ¢ HCXOHBIM
3HAYEHHEM HTOTO MokazareJist; * — p<0,005 110 cpaBHEHUIO ¢ HCXOHBIM 3HAYEHITEM ITOTO OKA3aTeIsI.

Yactoraserit auanaszon (0,01—0,4 '), ncmoms-
30BaHHBIN B IaHHOH paboTe [JIsl CIIEKTPAIbHOIO aHa-
Ji3a (hIrakeMoluii, Hecet B cebe nHMOPMAIIIIO O BCeX
3-X (hakTOpax aKTUBHON PETYJISINA MIKPOTEMOITIP-
KyJasinuu  (3HJ0TeTNi, HeWpOoreHHble BJIWSHUS U
cOOCTBEHHAs aKTUBHOCTD TJIaJIKOMBIIIEYHBIX KJIETOK).
OnHuM W3 apryMEHTOB B TI0JIb3y HCIIOJTH30BAHUS
TaKOro «06OOIIEHHOTO» AUATIa30Ha OCTYKIIN JIaH-
Hble 00 OTHOCUTEJILHOI YCIIOBHOCTH BBIJICJICHUST TPa-
HUI[ COOTBETCTBYIONIUX MO//InanazoHoB. Hanpumep,
CUMTIATUYeCKas JeHePBAIUs B 9KCIIEPUMEHTE HA KPbI-
cax MPUBONIIA K U3MEHEHWIO aMTIITUTY/T (hJIaKCMOITAN
BO BCEM <«aKTUBHOM» YaCTOTHOM [Malla3oHe, a He
TOJILKO B COOCTBEHHO HEHporeHHOM [22].

BeiiBrer-anamua  JI[DO-rpaMM B UCXOTHOM
COCTOSTHUU BBISBUJI PA3TUUUS MEKIY aMILIATYIHO-
YACTOTHBIMU XapaKTEPUCTHKAMHU KOJeOaHUI MUKPO-
KPOBOTOKaA B KOke 1 Mo3re. Kak A, ,,, TaK 1 COOTBeT-
cTByIOMIad eii F, .. B MO3Te OKa3aJich BbIIIE YeM B KOXKe
(tabmia). Cnabo BbIPasKEHHOE pasjuuue KOXKU U
MOBTa 110 A, TO-BUINMOMY, CBsI3aHa C TeM, 4TO abCo-
JIOTHAS BeJIMIUHA A, BO MHOTOM OTIPE/IeJISIeTCS aHa-
TOMO-(DYHKIIMOHAJIBHBIMI 0COOEHHOCTSIMU CCIIE/ye-
MOT0O OpTraHa M reTepOreHHOCTHIO ero nepdysnm.

[TprmevarebHBIM OKA3aT0Ch PA3JIUIUe HCCTe-
JIlyeMbIX OPTaHOB TI0 JIOMUHUPYIOTIEl yacToTre rakc-
Mottt B ucxogaoMm coctosuaum: 0,06 (0,03; 0,17) I'm B
koxe vs 0,16 (0,1; 0,24) I'it B mosre. C yueTom nipuBe-
JIEHHBIX BBITIIE (CM. paszesn «Marepuasbl 1 METOBI» )
YACTOTHBIX JIUATTA30HOB JIJIST KPBIC, MOKHO 3aKJIIOUUTh,
YTO JOMUHUPYIONUM (DAKTOPOM PEryJIsInU MUKPO-
IUPKYJISIIIN B KOXKE SBJSIOTCS CUMIIaTUYECKUE ajipe-
HEepruvecKue BAUSHUS, B TO BPEMS KaK B MO3Te JIOMH-
HUPYIOIIeH  sBJsieTcst  COOCTBEHHO — MHUOTEHHAst
peryJsIus cocyaucToro Touyca. [lomydyeHnbplie 1aHHbIe
B II€JIOM COOTBETCTBYIOT OOIIEPUHATHIM TIPEICTaBIe-
HISIM 00 0COOEHHOCTSIX PETYJISIIUE COCYAUCTOrO TOHYCaA
B Koke 1 moare [23, 24]. Ha pucynke, a npuBesieH
xapakrepubiii mpumep JIJID-rpaMMbr MO3rOBOTO Kpo-
BOTOKA U ee BelBJIET-aHAIN3a B UCXOJTHOM COCTOSTHHH.

B moctremopparnueckoM mepuojie OTMeuain
pPa3BUTHE BBIPAKEHHOW apTepUaTbHON TUIIOTEH3UN

can conclude that the sympathetic adrenergic influ-
ences are the dominant factor in the regulation of cu-
taneous microcirculation, while in the brain the
dominant is the intrinsic myogenic regulation of the
vascular tone. The findings are consistent with the gen-
erally accepted ideas about the peculiarities of vascular
tone regulation in the skin and brain [23, 24]. Figure
shows a typical example of cerebral blood flow LDF-
gram and its wavelet analysis at the baseline.

In the posthemorrhagic period, severe arterial hy-
potension developed (see Table), the severity of which
corresponded to the volume and rate of blood loss in the
selected experimental model. Against this background,
IP in the skin decreased by 65%, while in the brain it
reduced only by 17%. These results indicate a relative
preservation of cerebral microcirculation in the early
posthemorrhagic period. Tt is in good agreement with
the results of another experimental study in which mi-
crocirculation in the pial vessels and the mucosa of the
cheek was compared using orthogonal polarization
spectroscopy (a kind of video microscopy) [20]. Inter-
preting TP changes in the brain one should take into ac-
count that according to different authors the lower
limit of cerebral blood flow autoregulation is at the level
of 50—60 mm Hg (for mean BP) and depends on a
number of factors [24, 25]. Tt is interesting to note that
the use of barbiturates in the experimental model of
acute blood loss reduced the lower limit of autoregula-
tion to 40 mmHg, i.e. barbiturates increased the resist-
ance of cerebral blood flow to hypotension [26].

Despite the obvious differences in the ability of
skin and pial vessels to autoregulate blood flow (differ-
ent degrees of IP decrease at the same level of hypoten-
sion), in the post-hemorrhagic period these organs
were characterized by the unidirectional dynamics of
fluxmotion changes. In both investigated organs, A,
increased sharply, and F,,, decreased. The LDF-gram
in this period was characterized by the appearance of
high-amplitude («slow wave») perfusion oscillations,
which during the wavelet analysis were manifested in
the form of high «peaks» usually within the neurogenic
frequency band [10, 12, 27, 28].

GENERAL REANIMATOLOGY, 2017, 13; 6

www.reanimatology.com

23



24

DOI:10.15360,/1813-9779-2017-6-18-27

Experimental Studies

1]

i e
za=x

L

» ”WMW”’%‘\W\W

Ml hi M Mt Mk ek Ml Wil W b S0k Sdk GOk be:

rH i
H’"

J}quﬁ H\’;!H‘uill' I:},;;"“][ I

M bk it Gk Sfk Bl M Tl A0k b S0% dhec Al M

IIpumep JI/ID-rpaMMbI TOKaJIBHOTO MO3TOBOTO KPOBOTOKA KPBICHI (CJIeBa) U ee BeiiBieT-aHaIm3a (crnpasa).

An example of LDF-gram of rat’s local cerebral blood flow (left side) and its wavelet analysis (right side)

Note. a — at the baseline; b — in posthemorrhagic period against decrease in BP. For the LDF-gram: The abscissa — time, minute (M) and
seconds (¢); the ordinate — the index of perfusion (IP), perfusion units (PU). For LDF-gram wavelet analysis: The abscissa — fluxmotion’s
frequency, Hz; the ordinate — fluxmotion’s amplitude, perfusion units (PU).

HpnMeanne. a — B UCXOIHOM COCTOSAHMU; b—

B nocrreMopparudeckom repuoje na doue cruwkenus A/l s JIID-rpammbr: 110 ocu

abernmee — BpeMst, MUHYTBI U CEKYH/IBI; TI0 OCH OPJMHAT — MOKas3aTelb MUKPOIMPKY s, 1i.ex. Jlyst Beiier-ananusa JIJ[D-rpammer:
1o ocu abenmee — yactora durakemonuii, LIt o ocu opanHaT — ammntyza haakeMoIui, mnd.ex.

(Tabmnuua), TKeCTh KOTOPOil COOTBETCTBOBaAJIA 00be-
MY ¥ CKOPOCTH KPOBOIIOTEPU B BHIOPAHHOI SKCIIEPHU-
MeHTaTbHOI Monienu. Ha atom ¢one IIM B Koxe cHE-
3uJIcst Ha 65%, B TO BpeMst Kak B MO3Te TOJIbKo Ha 17%.
OTH Pe3yJIbTaThl YKa3bIBAIOT HAa OTHOCHTEIHHYIO
COXPAHHOCTD IepedpabHON MUKPOIMPKYJISAIIA B
PaHHEM ITOCTTEMOPPArnYecKoOM IMEPUoJie U XOPOIIOo
COTJIACYIOTCSI € Pe3yJibTaTaMU JIPYTOH AKCIIEPUMEH-
TabHOI paGOTHI, B KOTOPOU € TIOMOIIbIO OPTOrOHAJb-
HOU MOJIIPU3AITMOHHON CIIEKTPOCKONMHN (Pa3HOBU/IL-
HOCTb BU/IEOMUKPOCKOTINN ) CpaBHUBAJIACH
MUKPOIUPKYJISIIIHS B THAJIBHBIX COCYAX U CAUZUCTOM
meku [20]. Unrepnpetupys namenenns [IM B mosre
CJIeJIyeT YUUTBIBATH, YTO 110 TAHHBIM PA3HBIX AaBTOPOB
HUZKHSISI TPAHUTIA 2y TOPETYJISIIIME MO3TOBOTO KPOBO-
TOoKa HaxomauTcs Ha ypoBHe 50—60 MM pr. cT. (st
cpexnnero AJl) u 3aBucur ot psiza daxtopos [24, 25].
VHTEepeCcHO OTMETHTD, YTO UCIIOJIb30BaHue 6apOuTy-
pPaToOB B AKCIIEPUMEHTAJILHOM MOJIETT OCTPOI KPOBO-
MOTEPHU CMENTAI0 HUKHIO TPAHUILY ayTOPEryJIsInu

What are the causes and functional significance
of fluxmotion amplitude increase in the posthemor-
rhagic period? According to modern concepts, fluxmo-
tion enhances during the development of tissue
hypoxia (hypoxemia, metabolic acidosis, arterial hy-
potension, etc.) [29]. Its activation is aimed at optimiz-
ing the perfusion and oxygenation of tissues under the
conditions of reduced oxygen delivery [30—32]. This
allows considering the fluxmotion a local adaptive tis-
sue reaction. In particular, under conditions of vaso-
constriction that are typical for an acute blood loss,
vasomotion can provide intermittent perfusion despite
the fact that the average diameter of the arterioles will
be significantly smaller than the red blood cell diame-
ter [30]. This mechanism is particularly relevant to
conditions of shock associated with altered red blood
cell deformability and increased aggregation.

Precise mechanisms underlying the occurrence,
maintaining and changing of fluxmotion are not fully un-
derstood. At present, the viewpoint prevails that cyclic
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SCHepMMeHTaAI)HI)IG MCCACAOBAHMA

110 40 MM PT. CT., T.€. TOBBIIIAJIO YCTOWIUBOCTb MO3TO-
BOTO KPOBOTOKA K TUToTeH3un [26].
HecMmoTpst Ha 0UeBHIHBIE PA3INYHUS B CIIOCOOHO-
CTHU KOKHBIX W MMUAJIBHBIX COCY/IOB K ayTOPETyJISIINN
KpoBOTOKa (pa3Hast crerienb cHkenns: [IM mipu onn-
HAaKOBOM yPOBHE THIIOTEH3WH ), B TIOCTTeMOpparnye-
CKOM TIEPHOJIe OTMEYaJIN OJIHOHATIPABIEHHYIO AMHA-
MUKY U3MEHEHHUHT (hITaKCMOTIHIT: B 060UX MCCTETyeMbIX
OpraHax IpOMCXO/INJIO Pe3Koe yBesndeHue A, i CHU-
skenne F .. JIIMD-rpamMma B 9TOM TIeprojie Xapakre-
pU30BaJaCh  TOSBJIECHUEM  BBICOKOAMILIMTYIHBIX
(«MeJIJIEHHO-BOJTHOBBIX»)  KosiebaHuil  1epdysun,
KOTOPBbIE ITPY BEHMBJIET-aHAIN3E TPOSIBJISLINCH BBICOKH-
MU <«[IHKaM#i» OOBIYHO B paMKax HEHPOTEHHOTO
YacTOTHOTO Auanasona (puc. b) [10, 12, 27, 28].
KakoBbl IpUunHbI 1 (DYHKITMOHAJIBHOE 3HAYEHUE
YBEJUUEHUST aMIIJTUTY/IbI (DITAKCMOIIHIT B TTOCTTEMOpPpa-
rudeckoM rieprozie? CoriacHO COBPEMEHHBIM TIPE/ICTaB-
JIeHUSIM, (QITaKCMOTIMK  YCUJIMBAIOTCS TIPU PAa3BUTHUU
TUITOKCHN TKaHel (THITOKCeMHUst, MeTabOIMIeCKHUiT ariy-
103, apTepuasibHas runorensud u 1p.) [29]. VIx akrusa-
ITUsT HAITPaBJieHa HAa ONTUMU3AITHIO TIeP(Y3UU U OKCUTE-
HAIlMW TKaHEH B YCJIOBUSX OTPAaHWYEHHON JI0CTABKU
kucsopoaa [30—32], uto mo3BossieT paccMaTpuBaTh UX
KaK MECTHYIO a/IAIITUBHYIO PEAKITUIO TKaHeil. B acTHo-
CTH, B YCJIOBUSIX BA3OKOHCTPUKITMH, XapPaKTEPHOM JIJIsT
OCTPOIT KPOBOIIOTEPH, Ba3OMOI[MH MOTYT 00€CIeYnTh
MIPEPBIBUCTYIO e y3nio HECMOTPST HA TO, UTO CPETHIIA
JIaMeTp apTeproJT OYIET 3HAUNTETBHO MEHbIIIE AHaMET-
pa spurpormTa [30]. ITOT MeXaHU3M PHOOPETAET OCO-
OY10 aKTYaJIbHOCTb B YCJIOBHSIX HAPYIIEHHOIT 1ehopMu-
PYEMOCTH ¥ arperupyeMOCTH SPUTPOIIUTOB TIPH ITTOKE.
TouHble MEXaHU3MBI, JIe;Kallle B OCHOBE BO3HUK-
HOBEHUS, TTOJIIEP;KAHUST M UBMEHEHWST XapaKTEePUCTUK
(praxcmornii B MosTHOM Mepe He n3ydyeHbl. B HacTos-
1iee BpeMsi IOMIUHUPYET MPeCTaBJIeHIE, YTO IUKJITH-
YecKre U3MEHEHHS TOHYCa MUKPOCOCYI0B 00y CIIOBJIE-
HBI KoJebaHmeM ypoBHs BHyTpuKaeTounoro Ca2t B
COCYJIUCTBIX TJIAJIKOMBITIEYHBIX KJIETKAX U SIBJSIOTCS
[POSIBJICHUEM COOCTBEHHO MUOTEHHOI peryJisiinu
cocyaucTtoro Tonyca [29]. OxHako B psize aKcrepn-
MEHTaIbHBIX PaboT Gblja JOKa3aHa KJItoueBast POJIb
HEHPOTEHHBIX (CUMIATHUECKUX a/[PEHEPTUYECKIX ) U
HEKOTOPBIX T'YMOPAJIbHBIX (DAKTOPOB (KaTEXOJAMIHBI,
Ba30MPECCUH) B MHUITMAIIMK U MOJYJISIINN (DIAKCMO-
nmii. Hampumep, mepepeska ceiaqniHoTro HepBa Win
(hapmaxosornyeckas eHepBaIyst MBI KOHEYHOCTH
B 9KCIIEPHMEHTE Ha KPbICaX MPUBONIIA K 0CTA0IEHIIO
WJTH MICYE3HOBEHUIO «MEIJIEHHO-BOTHOBBIX» (hJTAKCMO-
W, MHAYIIMPOBAHHBIX MIlleMuell kKoneuHocTH [33]. U
Ha000pOT, 3JIEKTPUYECKAs CTUMYJISIIHS IEITHOTO CHM-
MATUYECKOTO TAHTJIUS TIPUBOJUIA K YBEJIUIEHUIO
aMIIIIUTY /1Bl (DITAKCMOTIMH B KOJKe yXa KPOJIUKA, TPU-
yem wux dvacrtora (F,,) ocraBamach MOCTOSTHHON
HECMOTPSI Ha pa3Hble PEKUMBI CTUMYJISAINN [32].
Ectb sKCcTIEprMEHTATBHBIE TAHHBIE, YTO YBEJIUe-
HIE aMILIATY/IbI (hTAKCMOIMI MOKET ObITh 00y CIIOBIE-
HO He TOJIbKO aKTUBU3AIMell BA30MOIINIA B OT/IETTHHBIX
apTepuoax, Ho M X CHHXPOHU3AINEH 1Mo (haze BO MHO-

changes in the microvascular tone are due to the oscilla-
tion of intracellular Ca2* level in vascular smooth muscle
cells. This is a manifestation of the intrinsic myogenic reg-
ulation of vascular tone [29]. However, in a number of ex-
perimental studies, the key rtole of neurogenic
(sympathetic adrenergic) and some humoral factors (cat-
echolamines, vasopressin) in the initiation and modulation
of fluxmotion have been demonstrated. For example, sci-
atic nerve transection or pharmacological denervation of
limb muscles in an experiment in rats resulted in the at-
tenuation or disappearance of «slow wave» fluxmotion
that had been induced by limb ischemia [33]. Conversely,
electrical stimulation of the cervical sympathetic ganglion
resulted in an increase in fluxmotion amplitude in the skin
of rabbit's ear, while fluxmotion frequency (F,,,) remained
constant in spite of the different stimulation modes [32].

There are experimental data that an increase in
fluxmotion amplitude may be not only due to the ac-
tivation of vasomotion in individual arterioles but
also to the phase synchronization of many arterioles
in the organ under the influence of enhanced sympa-
thetic output [34]. In the present study, in the pos-
themorrhagic period, fluxmotion not only «slowed
downy, but was also synchronized in a relatively nar-
row frequency band: for the skin F, . was about 0.04
Hz (at the border of the endothelial and neurogenic
band), for the brain about 0.09 Hz (neurogenic
range). The coefficient of variation for F,,, in the skin
and brain at the baseline was 83+0.9% and 53+1.2%,
respectively, and in the posthemorrhagic period it de-
creased to 35£0.2% in the skin and 21+0.3% in the
pial vessels (P<0.001).

In the study of Morita Y. et al [35], sympathetic,
parasympathetic and sensory denervation of rat pial
vessels was not accompanied by a change in cerebral
perfusion or amplitude and frequency characteristics
of the fluxmotion (before the development of blood
loss and hypotension). However, in denervated ani-
mals, the ability to autoregulate cerebral blood flow
was severely impaired. At a condition of hemorrhagic
hypotension, this was manifested by decreasing the
brain perfusion at higher values of blood pressure than
in intact animals. In the study of these authors, the de-
velopment of hemorrhagic hypotension led to a de-
creased frequency of fluxmotion in both denervated
cerebral vessels and intact vessels (with intact inner-
vation), i.e. the denervation of cerebral vessels did not
affect the phenomenon of «slowing down» of fluxmo-
tion during blood loss. In another study, high-ampli-
tude fluxmotion in the rabbit ear was induced by
electric stimulation of the cervical sympathetic gan-
glion, but its frequency remained constant over a wide
range of stimulation frequency [32]. The results of this
work and discussed data demonstrate that under hy-
potension conditions, the mechanisms contributing to
reduced dominant fluxmotion frequency are associated
with decreased pressure on the vessel walls, whereas
increased fluxmotion amplitudes are associated with
the activation of sympatho-adrenal system.

GENERAL REANIMATOLOGY, 2017, 13; 6
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Experimental Studies

TUX apTepPHoJIaX OpraHa Ioj JIeHCTBUEM YCUJIEHHOM
cuMIaTndeckoil mmmymabcanun [34]. B HacTosmeit
paboTe B MOCTreMOPParnieckKoM MeprUojie TPOUCXOAUIO0
He TOJTBKO «3aMme/jieHre> (pIakcMoInii, HO U UX CHUH-
XPOHU3AIHS B OTHOCUTETBHO Y3KOI ITOJIOCE YACTOT: JIJIsST
ko1 okojio 0,04 I'p (Ha TpaHuIle SHAOTETHATHHOTO U
HeWPOTEeHHOTO [uarmasoHa), 17 Mo3ra okoso 0,09 I'n
(metiporenHbIil muanason). Tak koadduimenT Bapua-
uu s Fo . B KOJKe U MO3re B MCXOJHOM COCTOSTHUN
coctaBui 83+0,9% u 53+1,2% COOTBETCTBEHHO, a B
MOCTTEMOPPATHYECKOM Tepro/ie CHU3UIICs 10 35+0,2%
B Koke u 21+0,3% B rmasbHbIX cocymax (p<0,001).

B pabote Morita Y u coasr. [35] cummarudeckast,
HapacuMIaTHYECKas: U CEHCOPHAsT JIeHePBAIIMsl TTUab-
HBIX COCYJIOB KPbIC HE COMPOBOK/IATACH U3MEHEHUEM
nepdys3un Mo3Ta W aMIJIUTYIHO-9aCTOTHBIX XapaK-
TePUCTUK (pIaKkcMOINiA (0 Pa3BUTUS KPOBOIIOTEPU 1
rutiorersun ). OTHAKO y IEHEPBUPOBAHHBIX JKHBOTHBIX
BBIPAKEHHO HAPYIIAIACh CIIOCOOHOCTD K ayTOPEryJisi-
U 11epeOPaIbHOTO KPOBOTOKA, UTO B YCJIOBHSIX FeMOP-
paruyecKoi TUIIOTEH3UM IPOSIBJISJIOCh CHIKEHHEM
nepdysnuu Mo3ra pu 6oJiee BBICOKUX 3HaueHusIX A,
YeM y MHTaKTHBIX KUBOTHBIX. B mccienoBannm atux
ABTOPOB Pa3BUTHE TeMOPPATNYECKOIN TMITOTEH3UH TIPU-
BOAMJIO K CHMIKEHUIO 4acTOThl (hJIaKCMOIMI KaK B
JICHEPBUPOBAHHBIX 1lepeOpaibHbIX COCYIaX, TaK U B
WHTAKTHBIX (C COXPaHHOI WHHEPBAIUE), T. €. JIeHepBa-
ITUST COCY/IOB MO3Ta He BJIMsiIa Ha (DEHOMEH «3aMejiiie-
HUs» hrakeMOoIIi ipy KpoBotoTepe. B mpyrom ncce-
JIOBAHUU BBICOKOAMILIUTYIHBIE (DJIAKCMOITUU B yXe
KPOJIMKA WHILYITUPOBAJINCH AJIEKTPUYECKOM CTUMYJISTIH-
el MeHHOTO CUMIIATUYECKOTO FAHTJIMSI, HO UX 4acTOTa
ocTaBaJach MOCTOSTHHOM B IIMPOKOM JIMalla30He 4acTOT
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Conclusion

Acute blood loss at a volume of 30% of CBV is
accompanied by the development of severe arterial hy-
potension, a decrease in perfusion of the skin, and
preservation of cerebral blood flow presumably due to
autoregulation. Unidirectional dynamics of changes of
cutaneous and cerebral blood flow oscillations pat-
terns include increase in the amplitude and slowing
down and synchronization of the fluxmotion in a nar-
row frequency band.

crumyisiiian [32]. Pesyibrarhl HacToseil paboThbl 1
TIPUBE/ICHHBIE BBITIE IAHHBIE JINTEPATY Pl TTO3BOJIIN
BBICKA3aTh IIPE/AIIOJIOKEHUE O TOM, YTO B YCJIOBMIX
TUTIOTEH3UN MEXaHW3Mbl CHUKEHUS JOMUHUPYIOIIen
YacTOTBI (hITAKCMOTINH CBSI3aHBI C YMEHBIIIEHNEM JIaBJie-
HIS HA CTEHKH COCY/IOB, a YBeJNYeHNe aMIIIUTY /Il — C
aKTUBAIMel CUMITATO-a/[PEHAIOBON CUCTEMBI.

3akiaoyeHue

Octpas xposomnorepss B oobeme 30% or OIK
COITPOBOJK/IAETCST PA3BUTHEM TSIKEJION apTePHAIbHOM
TUITOTEH3WUH, CHUKEHUEM Tiephy3nun KOKH, HO OTHOCH-
TEJTHHON COXPAHHOCTHIO MO3TOBOTO KPOBOTOKA BCJIE/I-
CTBWE XOPOIIIO PA3BUTHIX MEXAHU3MOB &y TOPETYJISIINN.
[Tpu aTOM OTMEUaeTcs OJHOHATIPABJIEHHAS THHAMHUKA
W3MEHEHWI aMIINTYTHO-9aCTOTHBIX XapaKTePUCTUK
KOJIeOaHUIT KOKHOTO M MO3TOBOTO KPOBOTOKA: yBe-
JIMYEHNE aMIJIUTY/IbI, 3aMe/IJIeHre U CHHXPOHW3AIUST
(brakcMOTIMIT B y3KOM YaCTOTHOM JIMATa30He.
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