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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 b 

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 
р < 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]. 

 

T a b l e  

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 36.1±2.7** 35.9±3.7** 45.5±4.8**
diastolic 12.3±0.8 11.9±1.5 12.6±1.5 12.0±1.9
Specific electrical resistance of the 
blood, ohm·cm 173±4 172±4 155±6* 174±14 

Hemoglobin, g/l 172±3 198±4** 215±7** 255±8**
Hematocrit, % 44.2±0.7 45.5±0.6 45.0±2.2 45.4±2.1
RBC count, 1012/l 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 — р < 0.05, (two — р < 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]. 
 

 
Ordinate axis — ml/min/100 cm3 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 cm3 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]. 
 

 

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, c — 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. 
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Егеуқұйрықтардың кіші қанайналым шеңберінің гемодинамикасына  
және қызыл қанның көрсеткіштеріне ұзақмерзімді  

жоғарытаулы гипоксияның әсері 

Мақала егеуқұйрықтардың теңіз деңгейінен 3200 м биіктікте ұзақ уақытқа (2,5 және 10 ай) мекендеуіне 
байланысты қанайналым кіші шеңбердің реакциясының және қан жағдайының жауабына қатысты зерт-
теуіне арналған (Тянь-Шань, Туя-Ашу асуы). Жүргізілген зерттеу нәтижесінде өкпе артериясының сис-
толалық қысымы 2 айда 60 % дейін жоғарлады және тау жерде болған уақыт аралығында жоғары дең-
гейде сақталды, диастолалық қысым өзгермеді. Нәтижесінде пульстық қысым жоғарлады, бұл жағдай 
өкпе артериясының тамырлар арнасының серпімділігінің төмендеуін көрсетті және систолалық қысым-
ның жоғарлауының негізгі себебі екенін дәлелдеді. Өкпе тіндерінің импедансы 30 % кемелді артты, бұл 
өкпе тамырларының қайта құрылуының өзіндік «аутореттелуін» көрсетті, Фолковтың айтуы бойынша, 
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үлкен қанайналым шеңберіне тән оқиға тәрізді. Қан көрсеткіштері, эритроциттер құрамындағы гемо-
глобин мөлшерінің жоғарлауы таулы жерге бейімделудің ұзақмерзімді механизмі екендігін дәлелдеді. 
Тянь-Шань таулы аймағындағы жағдайында эритроциттердің рөлі аса маңызды емес, әсіресе таулы ай-
мақтарда аз уақыт аралығында мекендегенде. 

Кілт сөздер: қан айналымы, трансқолқалық электроплетизмография, өкпе гипертензиясы, қызыл қан, 
жоғарытаулы қысым. 

 
А.Х. Шандаулов, К.М. Хамчиев, А.К. Рамазанов, С.С. Жумадилов,  

Г.Ж. Жомартова, Ж.Г. Ибрайбеков, К.А. Ельшина 

Влияние высокогорной гипоксии на гемодинамику малого круга 
кровообращения и показатели красной крови крыс 

Статья посвящена исследованию реакции малого круга кровообращения и состояния крови в ответ на 
длительное (2,5 и 10 мес.) пребывание крыс на высоте 3200 м над уровнем моря (Тянь-Шань, перевал 
Туя-Ашу). В результате проведенного исследования было установлено, что систолическое давление в 
легочной артерии повысилось до 60 % к 2-му месяцу сроку и было высоким на всем протяжении пре-
бывания в горах, при неизменном диастолическом давлении. Также возросло пульсовое давление, что 
указывает на повышение ригидности сосудов бассейна легочной артерии как на основную причину уве-
личения систолического давления. Импеданс в легочной ткани достоверно возрос на 30 %, что указы-
вает на перестройку сосудов легких как на выражение своеобразной «ауторегуляции», описанных Фол-
ковым, для сосудов большого круга кровообращения. Показатели крови свидетельствуют о длительно 
действующих механизмах приспособления к высокогорью, повышение содержания гемоглобина в 
эритроцитах. Роль эритроцитов в условиях Тянь-Шаньского высокогорья, по-видимому, не столь зна-
чительна, по крайней мере, на более ранних сроках пребывания в горах. 

Ключевые слова: трансбронхиальная электроплетизмография, катетеризация, легочная гипертония, 
красная кровь, высокогорная гипоксия. 

 
 

References 

1 Ivanov, K.P., & Melnikova, N.N. (2012). Krovoobrashchenie v lehkikh krysy pri snizhenii soderzhaniia kisloroda vo 
vdykhaemom vozdukhe [Blood circulation in the lungs of a rat with a decrease in the oxygen content in the inhaled air]. Biulleten 
eksperimentalnoi biolohii i meditsiny — Bulletin of Experimental Biology and Medicine, 154, 8, 161–167 [in Russian]. 

2 Lukianova, L.D., Kirova, Iu.I., & Sukoian, G.V. (2011). Novoe o sihnalnykh mekhanizmakh adaptatsii k hipoksii i ikh roli v 
sistemnoi rehuliatsii [New about signaling mechanisms of adaptation to hypoxia and their role in systemic regulation]. Patohenez — 
Pathogenesis, 9, 3, 4–14 [in Russian]. 

3 Mazhbich, B.I., Umarov, K.S., & Shandaulov, A.Kh. (1989). Vliianie vysokohornoi hipoksii na krovoobrashchenie v malom 
kruhe u krys [The effect of high-altitude hypoxia on blood circulation in the small circle in rats]. Fiziolohicheskii zhurnal SSSR — 
Fiziological journal of the USSR, 75, 12, 1718–1724 [in Russian]. 

4 Razumnikova, O.M., Shandaulov, A.Kh., & Mazhbich, B.I. (1989). Gemodinamika maloho kruha krovoobrashcheniia i poka-
zateli krasnoi krovi u krys pri dlitelnoi vysokohornoi hipoksii [Hemodynamics of the pulmonary circulation and red blood indices in 
rats with prolonged high-altitude hypoxia]. Biulleten eksperimentalnoi biolohii i meditsiny — Bulletin of Experimental Biology and 
Medicine, CVII, 5, 526–528 [in Russian]. 

5 Vetosh, A.N., & Alekseeva, O.S. (2011). Fiziolohicheskie kharakteristiki orhanizma krys porody Wistar v usloviiakh nara-
staiushcheho hipoksicheskoho stimula [Physiological characteristics of the organism of Wistar rats in conditions of growing hypoxic 
stimulus]. Patogenez — Pathogenesis, 9(3), 23, 11–17 [in Russian]. 

6 Kulik, T.J. (2014). Pulmonary hypertension caused by pulmonary venous hypertension. Pulm. Circ., 4(4), 581–595. 
7 Vaillancourt, M., Chia, P., Sarji, S., Nguyen, J., Hoftman, N., & Ruffenach, G. et al. (2017). Autonomic nervous system in-

volvement in pulmonary arterial hypertension. Respir. Res., 18(1), 201–216. 
8 Clark, C.B., & Horn, E.M. (2016). Group 2 pulmonary hypertension: Pulmonary venous hypertension. Epidemiology and path-

ophysiology. Cardiol. Clin., 34(3), 401–411. 
9 Mazhbich, I.B., & Kuzmynykh, L.P. (1986). Davlenie v lehochnoi arterii i transbronkhialnaia elektropletizmohrafiia u krys 

[Pressure in the pulmonary artery and transbronchial electrolysis in rats]. Biulleten eksperimentalnoi biolohii i meditsiny — Bulletin of 
Experimental Biology and Medicine, CI, 6, 762–765 [in Russian]. 

10 Tuleta, I., Franca, C., Wenzel, D., Fleischmann, B., Nickenig, G., & Werner, N. et al. (2015). Intermittent hypoxia impairs 
endothelial function in early preatherosclerosis. Adv. Exp. Med. Biol., 858, 1–7. 

11 Mazhbich, B.I., & Kuzminykh, L.P. (1986). Transbronkhialnaia rehionarnaia elektropletizmografiia lehkikh [Transbronchial 
regional electroplethysmography of the lungs]. Novosibirsk [in Russian]. 

12 Evlakhov, V.I., & Poiasov, I.Z. (2018). Fiziolohiia lehochnykh venoznykh sosudov [Physiology of pulmonary venous vessels]. 
Ros. fiziol. zhurn. im. I.M. Sechenova — Russian physiological journal named after I.M. Sechenov, 104, 10, 1136–1151 [in Russian]. 

Ре
по
зи
то
ри
й К
ар
ГУ



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

104 Вестник Карагандинского университета 

13 Lukianova, L.D. (2011). Sovremennye problemy adaptatsii k hipoksii. Signalnye mekhanizmy i ikh rol v sistemnoi rehuliatsii 
[Modern problems of adaptation to hypoxia. Signaling mechanisms and their role in systemic regulation]. Patolohicheskaia fiziolohiia 
i eksperimentalnaia terapiia — Pathological physiology and experimental therapy, 1, 3–19 [in Russian]. 

14 Donina, Zh.A., Baranova, E.V., & Aleksandrova, N.P. (2015). Sopriazhennye reaktsii dykhaniia i hemodinamiki narkotiziro-
vannykh krys na prohressiruiushchuiu ostruiu normobaricheskuiu hipoksiiu [Conjugate respiratory and hemodynamic responses of 
anesthetized rats to progressive acute normobaric hypoxia]. Ros. fiziol. zhurn. im I.M. Sechenova — Russian physiological journal 
named after I.M. Sechenov, 101., 10, 1169–1180 [in Russian]. 

15 Evlakhov, V.I., Poiasov, I.Z., Ovsiannikov, V.I., & Shaidakov E.V. (2013). Sovremennye aspekty rehuliatsii lehochnoho 
krovoobrashcheniia v norme i pri eksperimentalnoi patolohii [Modern aspects of the regulation of pulmonary circulation in normal and 
experimental pathology]. Med. akad. zhurnal — Medical Academic Journal, 13(4), 54–65 [in Russian]. 

16 Ivanov, K.P. (2014). O fiziolohicheskikh problemakh alveoliarnoho krovoobrashcheniia v lehkikh [On the physiological prob-
lems of alveolar blood circulation in the lungs]. Ros. fiziol. zhurn. im. I.M. Sechenova — Russian physiological journal named after 
I.M. Sechenov, 100, 12, 1382–1389 [in Russian]. 

17 Kotelnikov, V.N., Osipov, I.O., Zaiats, Iu.V., & Geltser, B.I. (2017). Otsenka vehetativnoi rehuliatsii serdtsa pri ostroi ekzo-
hennoi normoboricheskoi hipoksii razlichnoi stepeni tiazhesti v eksperimente [Evaluation of the vegetative regulation of the heart in 
acute exogenous normo-boric hypoxia of varying degrees of severity in the experiment]. Biulleten eksperimentalnoi biolohii i med-
itsiny — Bulletin of Experimental Biology and Medicine, 164, 11, 541–547 [in Russian]. 

18 Morgan, B.J., Adrian, R., Bates, M.L., Dopp, J.M., & Dempsey, J.A. (2014). Quantifying hypoxia-induced chemoreceptor 
sensitivity in the awake rodent. J. Appl. Physiol., Vol. 117, 816–824. 

19 Mifflin, S., Cunningham, J.T., & Toney, G.M.J. (2015). Neurogenic mechanisms underlying the rapid onset of sympathetic 
responses to intermittent hypoxia. J. Appl. Physiol., 119, 12, 1441–1448. 

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

Ре
по
зи
то
ри
й К
ар
ГУ




