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The effect of high-altitude hypoxia on the hemodynamics
of the pulmonary circulation and the red blood indices of rats

The article is devoted to the study of the reaction of the pulmonary circulation and the state of the blood in
response to the prolonged (2.5 and 10 months) stay of rats at an altitude of 3200 m above sea level (Tien Shan,
Tuya-Ashu Pass). As a result of the study it was found that the systolic pressure in the pulmonary artery in-
creased to 60 % by the 2-month period and was increased throughout the stay in the mountains, with a constant
diastolic pressure. As a result, the pulse pressure increased, which indicates an increase in the rigidity of the
vessels of the pulmonary artery basin as the main cause of an increase in systolic pressure. Impedance in the
lung tissue significantly increased by 30 %, which indicates the restructuring of the pulmonary vessels as an
expression of a kind of «autoregulation» described by Folkov for vessels of the systemic circulation. Blood
indices indicate long-lasting mechanisms of adaptation to high altitude, an increase in hemoglobin content in
red blood cells. The role of erythrocytes in the conditions of the Tien Shan Highlands, apparently, is not so
significant, at least in earlier periods of stay in the mountains.

Keywords: transbronchial electroplethysmography, catheterization, pulmonary hypertension, red blood, high
altitude hypoxia.

Numerous studies have established that alpine hypoxia leads to pulmonary hypertension and hematopoi-
etic stimulation [1-4]. In this case, the reaction to a relatively short-term stay of lowland animals in the moun-
tains was most often studied. However, it is known that aboriginal animals of highlands and people constantly
living in the mountains have significant differences in a number of important blood and blood circulation
parameters (erythrocytosis, increased hemoglobin content in erythrocytes, redistribution of blood flow in the
lungs) [5—7]. Based on the aforementioned and some experimental facts indicating the development of high-
altitude deterioration [6, 14], it can be considered that even after a long period of adaptation in the mountains,
it cannot be regarded as stabilizing at a certain level [4, 9, 10].

In connection with the above, the purpose of this work was to study the reaction of the pulmonary circu-
lation and the state of the blood in response to the prolonged (2.5 and 10 months) stay of rats at an altitude of
3200 m above sea level (Tien Shan, Tuya-Ashu Pass).

Research methods

Experiments were carried out in summer on adult Wistar rats, previously (2, 5 and 10 months before the
experiment began) delivered to the base and kept at room temperature on a normal diet without restriction of
food and water. Part of the animals died during the exposure, and in the experiments 25 (2 months), 18
(5 months) and 10 (10 months) rats were used. Acute experiments on rats were performed with natural respi-
ration under nembutal anesthesia (30 mg/kg intraperitoneally) in the supine position. Hematocrit and hemo-
globin content were determined by standard methods, the number of erythrocytes was determined by means
of Picoscale P-4 (Hungary). The pressure in the pulmonary artery, the blood flow of 5 conditionally isolated
areas of the lungs (apical, ventromedial, ventrobasal, dorsomedial and dorsobasal) was determined by cathe-
terization of the pulmonary artery through the right jugular vein and transbronchial regional electroflumogra-
phy, which determined the blood flow, blood filling and air content per unit volume [9, 11]. Graphic recording
of pressure, electroplethysmogram and electrocardiogram were performed on the Mingograf-34 (Siemens-El-
ema) inkjet recorder (Fig. 1). The position of the probe of the electroplethysmograph in the indicated areas of
the lungs was controlled by an x-ray device («Arman-1») in two projections and after autopsy of the ani-
mals (Fig. 2). The electrical resistance of the blood taken during the study was determined in a special cu-
vette (0.2 ml) using the same electroplethysmograph. Thirty-five Wistar rats examined on the plain served as
controls.
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1 — electrocardiogram; 2 — electroplethysmogram; 3 — pressure in the pulmonary artery

Figure 1. Electrocardiogram, electroplethysmogram and pulmonary artery records

a — side projection; b — front-rear projection. Against the background of the lung field, two electro-pleural probes
with electrodes at the ends are visible. On the contour of the heart radiocontrastmandrin is visible, placed in the lumen
of the catheter, the end of which is in the lumen of the pulmonary artery

Figure 2. Radiograph of the rat thoracic cage

The material was processed statistically using student's criterion. The result was considered reliable when
p <0,05.

Research results

It draws attention that the mass of animals after 2 months exposure was 29 % lower than in the control,
and continued to decline steadily (Table). Such a picture is also observed during a long stay of a person in the
mountains [12, 13] and is indirect evidence of the lack of stabilization of the adaptation process even in con-
ditions of such a long for rats stay at high altitude.

The number of erythrocytes by this time, as well as the hematocrit and the electrical resistance of blood,
depending mainly on the number of erythrocytes, did not significantly change compared with the control,
which was significantly higher (Table).

By the 2-month period, systolic pulmonary arterial pressure was increased by 60 % with unchanged di-
astolic pressure (Table). As a result, the pulse pressure increased significantly, which indirectly indicated an
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increase in the rigidity of the vessels of the pulmonary artery basin as the main cause of an increase in systolic
pressure. This is confirmed by an approximate calculation of the characteristic impedance [14, 15], which
reflects the measure of resistance of relatively large vessels of the pulmonary bed to the pulsating blood flow.
The impedance increased approximately by 30 %, which may indicate an approximate restructuring of these
vessels as an expression of a kind of «autoregulation» described by Folkov [16, 17] for vessels of the systemic
circulation. It should be noted that hypoxic stimulation of the carotid and aortic chemoreceptors also led to a
decrease in stretchability of the pulmonary arteries [15, 18].

Table
Pulmonary artery pressure, red blood indices and body weight of rats
in various periods of stay in the mountains (M+m)
Criterion Control Duration of stay in the mountains, months
2 5 10

Pressure, mm Hg
systolic 22.6£1.0 36.14£2.7** 35.943.7** 45.5+4.8%*
diastolic 12.340.8 11.9£1.5 12.6+1.5 12.0£1.9
Specific electrical resistance of the

173+4 17244 155+6* 174+14
blood, ohm-cm
Hemoglobin, g/l 17243 198+£4** 215+£7** 255+8%*
Hematocrit, % 44 .2+0.7 45.54+0.6 45.04+2.2 454421
RBC count, 10'%/1 7.42+0.36 6.79+0.31 6.08+0.40* 7.46+0.43
Bodymass, g 355+12 254+6%* 210+6%** 189+16**

Note: One asterisk — p < 0.05, (two — p < 0,01 in comparison with the control).

As it is known, pulmonary hypertension is attributed to the role of redistributive (for blood flow) and
functionally expedient active factor [19, 20]. When analyzing the behavior of blood flow and blood filling of
the lungs after a 2-month adaptation of rats to high altitude hypoxia, only in the ventromedial site could be
noted a significant decrease in these indicators (Fig. 3 and 4).

Staying in the mountains for 5 months leads to the return of blood flow and blood filling in the mentioned
area to the initial level, and the increased pressure in the pulmonary artery is maintained (Table). The greatest
changes in this period are observed in the blood — the specific electrical resistance, hematocrit, and the number
of red blood cells are reduced, but the hemoglobin content continues to increase. This leads to an increase in
the oxygen capacity of the blood to 29 ml/100 ml, which even with a slightly reduced number of red blood
cells improves the supply of oxygen to the body. The metabolic changes leading to a change in the affinity of
oxygen for hemoglobin and an increase in its recoil to tissues probably also contribute to this [15].
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Ordinate axis — ml/min/100 cm? of lung volume. Abscissa axis — months of adaptation.
1 — apical area of lungs; 2 — ventromedial; 3 — dorsomedial; 4 — ventrobasal; 5 — dorsobasal

Figure 3. Minute volume of blood flow in the lungs
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The ordinate axis is ml/100 cm? of lung volume in different parts of the lung in rats at different
periods of stay in the mountains. The remaining notations are the same as in Figure 3

Figure 4. Average blood filling

At the 10-month adaptation stage (Fig. 5), a further increase in systolic pressure is observed in the absence
of an increase in diastolic pressure (Table). The blood flow increases in the ventromedial region, while in the
apical region of the lung it decreases significantly (Fig. 3). According to the severity of the blood filling reac-
tion, the ventromedial area is again the most labile (Fig. 4). The mechanisms of such redistribution are still
unclear and do not fit into the known schemes of a more uniform regional blood flow under conditions of high-
altitude hypoxia [3, 4]. Probably, in this case more complex adaptive reorganizations of the cardiovascular
system occur [14, 16].

) meww

1 — electrocardiogram; 2 — electroplethysmogram of the dorsobasal lung area; 3 — pressure in the pulmonary artery;
the left at the beginning of the curves shows the calibration signals and the basic value of electrical resistance,
as well as zero pressure. Below is a time stamp

Figure 5. Pressure curves in the pulmonary artery and electroplethysmogram of rats at different periods of stay in the
mountains: a— 3 days, b — 60 days, ¢ — 300 days

The combination of the available facts gives grounds to believe that one of the constantly and long-lasting
mechanisms of adaptation to high mountains is an increase in the hemoglobin content in red blood cells and a
corresponding increase in the oxygen capacity of the blood. Along with the change in the dissociation constant
of hemoglobin and adaptation to hypoxia at the tissue level [5, 17], this forms the basis of an energetically
more favorable adaptive mechanism. The role of erythrocytes in the conditions of the Tien Shan Highlands,
apparently, is not so significant, at least in earlier periods of stay in the mountains [1, 2].

As for the role of pulmonary hypertension, as shown by our study, systolic hypertension, more research
is needed here to clarify both the intimate mechanisms of its origin and its role in the regional redistribution of
blood flow and blood filling in the lungs.

Cepusa «brnonorusa. MeguunHa. Neorpadpusa». Ne 3(95)/2019 101



A.Kh. Shandaulov, K.M. Khamchiev et al.

References

1 Hganos K.I1. KpoBooOparieHue B JISTKHX KPBICHI IPU CHIDKEHUHU COJIEPKaHUsI KUCIOPOa BO BIbixaeMoM Bo3ayxe / K.II. pa-
HoB, H.H. Mensuukosa // Broxn. skcnep. 6uoin. n mex. — 2012. — T. 154, Ne 8. — C. 161-167.

2 Jlyxesroa JI.JI. HoBoe 0 CHTHAIBHBIX MEXaHMU3MaX aJalTalliy K THIIOKCHH U UX poiu B cucTeMHoi peryssimun / JI. L. JIyks-
staoBa, 0.1 Kupoga, I'.B. Cykosn // [Tatorene3. — 2011.— T. 9, Ne 3. — C. 4-14.

3 Max6uy b.1. BnusiHie BbICOKOrOPHOM THITIOKCHH Ha KpoBOoOpaleHne B MaioM kpyre y kpsic / B.1. Max6u4, K.C. Ymapos,
A.X. HlanpaynoB u np. // ®usuon. xxypn. CCCP. — 1989. — T. 75, Ne 12. — C. 1718-1724.

4 Paszymuukosa O.M. 'eMoanHaMKKa MaJIoro Kpyra KpOBOOOpAILleHHs U MOKa3aTeNN KPAaCHOM KPOBH Yy KPbIC NPH JUINTEIBHON
BbIcOKoropHo# runokcun / O.M. Pazymuukosa, A.X. [llangaynos, 5.1. Max6uu // bron. skcniep. 6uoin. u men. — 1989. — T. CVII,
Ne 5. — C. 526-528.

5  Bérom A.H. ®usnosnoruueckue xapaKTepUCTUKH OpPraHU3Ma KpbIC mopoasl Wistar B yCIOBHSX HapacTAIOLIEro THIIOKCHYE-
ckoro ctumyna / A.H. Bérour, O.C. Anekceesa // [Tarorenes. — 2011. — T. 9(3), Ne 23. — C. 11-17.

6 Kulik T.J. Pulmonary hypertension caused by pulmonary venous hypertension / T.J. Kulik // Pulm. Circ. — 2014. — Vol. 4(4).
—P. 581-595.

7 Vaillancourt M. Autonomic nervous system involvement in pulmonary arterial hypertension / M. Vaillancourt, P. Chia,
S. Sarji, J. Nguyen, N. Hoftman, G. Ruffenach, M. Eghbali, A. Mahajan, S. Umar // Respir. Res. — 2017. — Vol. 18(1). — P. 201-—
216

8 Clark C.B. Group 2 pulmonary hypertension: Pulmonary venous hypertension: Epidemiology and pathophysiology /
C.B. Clark, E.M. Horn // Cardiol. Clin. — 2016. — Vol. 34(3). — P. 401-411.

9 Max06uu U.b. [laBnenue B JICrOYHOW apTepuH U TPaHCOpPOHXHANbHAs JneKTporuierusmorpadus y kpsic / 1.b. Max6uy,
JLII. Ky3bMmbibix // Broin. sxcnep. 6uoi. u mea. — 1986. — T. CI, Ne 6. — C. 762-765.

10 Tuleta I. Intermittent hypoxia impairs endothelial function in early preatherosclerosis / 1. Tuleta, C. Franca, D. Wenzel,
B. Fleischmann, G. Nickenig, N. Werner, D. Skowasch // Adv. Exp. Med. Biol. —2015. —Vol. 858. — P. 1-7.

11 Max6uu b.U. TpancOponxuanbHas pernoHapHas snekrporurernamorpadus nerkux / b.J. Max6uy, JI.IT. Ky3smunsix. — Ho-
Bocubupck, 1986. — C. 20-32.

12 Esnaxos B.W. ®usmnonorus ierouyHpx BeHo3HbIX cocyno / B.W. EBnaxos, 1.3. [Tosicos // Poc. dpmsuoin. xypH. um. 1.M. Ce-
genoBa. — 2018. — T. 104, Ne 10. — C. 1136-1151.

13 JlykwsaoBa JI.JI. CoBpeMeHHbIC MPOOIeMbI afanTanui K rurnokcud. CUrHaIbHBIE MEXaHU3MBI M HX POJIb B CHCTEMHOM pery-
st / JIL . JlykestaoBa // Iaton. ¢usuon. n sxcmep. tep. — 2011. — Ne 1.— C. 3-19.

14 [lonuna X.A. ConpspkeHHBIE PEaKIMK IbIXaHUS U FTeMOJUHAMUKH HAPKOTH3UPOBAHHBIX KPBIC HA MPOTPECCUPYIOIILYIO OCTPYIO
HOpMoOapuyeckyto rumokcuto / XK.A. Jlonuna, E.B. bapanosa, H.I1. Anekcanaposa // Poc. ¢pusmnoin. xyps. um. U.M. CeuenoBa. —
2015. —T. 101, Ne 10. — C. 1169-1180.

15 Esnaxos B.1. CoBpeMeHHBIE aCIIEKTHI PETYJIAIIHN JIETOYHOTO KPOBOOOPAIIEHHS B HOPME U IIPH SKCIIEPUMEHTAIBHOH IaToI0-
ruu / B.1. EBnaxos, 1.3. Ilosico, B.1. OBcsnaukos, E.B. Iaiinakos // Men. akap. sxypHan. — 2013. — Ne 13(4). — C. 54-65.

16 MBanos K.II. O ¢usmnonornyeckux mpodiieMax aabBeosipHOro kpoBoobOpamienus B yierkux / K.II. Banos // Poc. ¢usuos.
KypH. UM. V.M. CeuenoBa. — 2014. — T. 100, Ne 12. — C. 1382-1389.

17 KotensuukoB B.H. OneHka BereTaTUBHOM peryssiiuy cep/ia Ipy OCTPOH 3K30T€HHOH HOPMOOAPHUYECKOM IMITIOKCHU Pa3Iny-
HoU cterieHH TshkecTH B akcriepuMente / B.H. Korenpaukos, U.0. Ocunos, 10.B. 3asu, b.U. 'enbrep // bron. skcnep. Ouomn. u mMes.
—2017. —T. 164, Ne 11. — C. 541-547.

18 Morgan B.J. Quantifying hypoxia-induced chemoreceptor sensitivity in the awake rodent/ B.J. Morgan, R. Adrian, M.L. Bates,
JM. Dopp, J.A. Dempsey // J. Appl. Physiol. — 2014. — Vol. 117. — P. 816-824.

19 Mifflin S. Neurogenic mechanisms underlying the rapid onset of sympathetic responses to intermittent hypoxia / S. Mifflin,
J.T. Cunningham, G.M.J. Toney // Appl. Physiol. —2015. — Vol. 119, No. 12. — P. 1441-1448.

20 Gao Y. Endothelial and smooth muscle cell interactions in the pathobiology of pulmonary hypertension / Y. Gao, T. Chen,
J.U. Raj // Am. J. Respir. Cell Mol. Biol. — 2016. — Vol. 54(4). — P. 451-460.

A.X. llannaynos, K.M. Xamuues, A.K. Pamazanos, C.C. XKymanuios,
I". K. XKomapTosa, XK.I'. U0Opaiibexos, K.A. Enpinnna

EreykyiipbIKTapaAbIH Killli KAaHAWHAJIBIM HIeHOePiHIH reMOJMHAMHMKACHIHA
’K9He KbI3blJ1 KAHHBIH KOpCeTKilTepiHe y3akMep3imai
KOFAPBITAYJIbI THIIOKCHUSAHBIH dcepi

Makaina ereykyipbIKrapabiH TeHi3 neHreitinen 3200 M OuikTikTe y3aK yakbITKa (2,5 xaone 10 aif) MmekeHaeyine
6ailIaHbICThI KAHAWHAJIBIM Killll IIEeHOEP/IiH PeaKMsIChIHBIH )KOHE KaH jKaFaailbIHbIH )KayaOblHa KATBICTHI 3ePT-
teyine apuanran (Tsup-1lane, Tys-Amry acysr). JKypri3iiret 3epTrey HOTHIKECIH/IE OKIIE apTEPHUSICBIHBIH CHUC-
TONAJIBIK KbICBIMBI 2 aiiia 60 % neifiH skorapiabl )KoHe Tay xepae O0JIFaH yaKbIT apasibIFbIH/A )KOFAPBI JICH-
reiijie CaKTal/bl, IMACTONIANBIK KBICBIM e3repme/ti. HoTmKeciH/Ie My IbCTIK KbICHIM JKOFapIajbl, OyIr xaraai
OKIIC apTEPHSACHIHBIH TaMBIpPJIap apHACBIHBIH CEPIIMIUTITIHIH TOMEHJICYiH KOPCETTI JKOHE CUCTOJIABIK KBICHIM-
HBIH YKOFapJIaybIHBIH HETi3r1 ce0ebi ekeHiH ponenneai. Okme TiHaepinid uMmenance 30 % keMeni apTTsl, Oy
OKITe TaMBIPJIAPBIHBIH KalTa KYPhUTYBIHBIH O3IHIIK «ayTopeTTenyiny kopcerti, MOIKOBTHIH alTybl GOMBIHIIIA,
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YJIKeH KaHaWHaJbIM IeHOepiHe ToH okuFa Topi3ai. Kan kepceTkimTepi, SpuTpOLMTTIEp KYpaMbIHAAFbI TEMO-
TJIOOMH MeJIILIePiHiH JKOFapiaybl TayJibl xKepre OelimMIenyaiH y3akMep3iMai MeXaHH3Mi eKeHAIrH IS Ae/i.
Tsup-11lane TayIel aliMarbIHAAFbI JKaFAAMbIHAA SPUTPOLIMTTEPIIH POITi aca MaHbI3/Ibl €MeC, acipece TayJibl aii-
MaKTap/a a3 yakbIT apaJbIFbIHAA MEKCHIETCHIC.

Kinm cesdep: KaH aﬁHaIIbIMbI, TPaHCKOJIKAJIbIK 3IIeKTp0HIIeTI/I3MOI‘pa(1)I/I$I, OKII€ TUIICPTCH3UACHI, KbI3bLI KaH,
JKOraphITayJbl KbICBIM.

A.X. llannaynos, K.M. Xamuues, A.K. Pamazanos, C.C. XKymanuios,
I". K. XKomapTtoBa, XK.I'. U0paiibexos, K.A. Enpinnna

Buinsinne BHICOKOTOPHOI r'HIMOKCHH HA TeMOJMHAMMKY MAaJIoro Kpyra
KPOBOOOpAallleHUA U MOKA3aTeJd KPACHOI KPOBH KPbIC

CraTbs OCBSIIEHA HCCIECOBAHUIO PEAKIN MaJoOro Kpyra KpOBOOOPAIEHHS M COCTOSIHUSI KDOBH B OTBET Ha
mmrensHoe (2,5 u 10 mec.) npebsiBanue kpbic Ha Beicote 3200 M Hax ypoBHeM Mops (Tsb-11lans, nepeBan
Tys-Amry). B pe3ynbsrare IpoBeIEeHHOTO HCCIEI0BAHNUS OBUIO YCTAHOBIEHO, YTO CHCTOIMYECKOE JABICHUE B
JIETOYHOH apTepuy MOBBICHIOCH 10 60 % K 2-My MecsIly CPOKY U OBLIO BHICOKHM Ha BCEM MPOTSHKEHHHU TIpe-
ObIBaHMS B TOpax, IPU HEM3MEHHOM AMACTOIMUECKOM AaBlIeHUH. Takxke BO3POCIO MyJIbCOBOE JABIECHHE, UTO
yKa3bIBaeT Ha MOBBIIIEHNE PUTHIHOCTH COCYIOB OaccelHa JIErouHOM apTepuH Kak Ha OCHOBHYIO IPUUUHY YBeE-
JIMYCHUS CUCTOJIMYECKOro AaBieHus. IMnenanc B Iero4HOM TKaHU OCTOBEpHO Bo3poc Ha 30 %, 4To ykasbl-
BaeT Ha IIEPECTPOHKY COCYIOB JIETKHX KaK Ha BEIpa’KCHIE CBOCOOPa3HOH «ayTOPETYIISIMN», ONICaHHBIX Dol
KOBBIM, I COCYJIOB OOJIBIIOrO Kpyra KpoBooOparueHus. [Toka3aTenu KpoBH CBUIETEIbCTBYIOT O IIUTENIBHO
JNEHCTBYIOMNX MEXaHW3MaxX IPUCIOCOOTIEHHs K BHICOKOTOPBHIO, ITOBBIIIEHHE COAEPIKAaHMS IeMOIToOMHA B
sputponuTax. Poib spurpornToB B ycinoBuax TsHb-I1IaHBCKOTO BBICOKOTOPBS, MO-BUAUMOMY, HE CTONb 3Ha-
YHTENbHA, TI0 KpalfHel Mepe, Ha 0oJiee paHHUX CPOKaX MPeObIBaHMS B ropax.

Kniouesvie cnoea: TpaHCOpOHXMaNbHAsl BJIEKTPOIUIETH3MOrpadus, KaTeTepu3alus, JerouHas THUIEPTOHHS,
KpacHasi KpOBb, BBICOKOTOpHasl TUTTOKCHSL.
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