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RESUME

La gravité est une stimulation permanente pour l'organisme sur terre. La microgravité induit
des modifications de nombreuses fonctionnalités, y compris celles du systeme cardio-
vasculaire. Le but de ce travail était d’étudier les mécanismes des modifications vasculaires
induites par les modéles de microgravité.

Nous avons conduit nos études chez 'homme a laide de I'immersion séche qui est
considérée comme un des modéles reproduisant au mieux la microgravité. L'immersion
séche est le seul modéle de microgravité prolongée a imiter I'absence d’appui. Notre travail
montre que lI'immersion séche induit une atteinte au niveau microcirculatoire avec une
dysfonction endothéliale (étude des microparticules circulantes) et une atteinte de la fonction
vasodilatatrice cutanée (étude par iontophorése couplée au laser Doppler). Cette atteinte
vasculaire s'integre dans un syndrome de déconditionnement cardio-vasculaire plus global
qgue nous avons également étudié. Il comprend un nouvel équilibre hydro-sodé qui survient
tres rapidement, dans les 24 premiéres heures. Pendant la période de récupération, nous
avons observé une augmentation significative du NT-proBNP qui pourrait étre un marqueur
biologique du déconditionnement cardio-vasculaire.

Nos études sur l'animal avec les modéles d’hypokinésie et d'inclinaison téte en bas
discontinues chroniques suggeérent qu'une translocation augmentée d’endotoxine et une
réduction du métabolisme énergétique en microgravité pourraient participer aux atteintes
endothéliales.

La dysfonction endothéliale deviendrait ainsi une cible thérapeutique pour des atteintes liées

a l'inactivité physique et a la microgravité.
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PE3IOME

paBUTALMOHHBIA CTUMYN SBMSIETCA HEOTbEMMEMbIM aTpPUOYTOM 3E€MHbIX  YCIOBWUWA
CyLLEeCTBOBaHNA BCEX XWMBbIX oOpraHMamoB. Mogudukaums HanpaBneHHOCTU OencTBus
rpaBUTaUMOHHOrO dhaktopa W ero  MHTEHCMBHOCTW  COMPOBOXOAeTCs  U3MEeHEeHUEM
(OYHKUMOHMPOBAHUA  MHOMMX CUCTEM OpraHu3Ma, B TOM 4MCNlE U CepOeYHO-COCYOUCTON
cuctembl. Llenbto Hactoswen paboTbl SIBUIIOCb WU3YYEHUE MEXaHM3MOB COCYOMCTbIX
N3MEHEHUI NP MOAENMPOBAHNN MUKPOrpaBUTaLmn.

WccnegoBaHua Ha 4enoBeke MpoBOAMAN C  WUCMOMb30BAHUMEM  «CYXOM» UMMEPCUM,
NpPeaocTaBnsallWen YHUKanNbHYy0O BO3MOXHOCTb M3YYEHUS (PU3MoNormdecknx adhdekToB
Oes3onopHOCTN, ©N  SABNSAOWENCA OOHOMW M3  Haubonee agekBaTHbIX  Modenewn,
BocnpounsBoadamx acddekTbl MUKporpaBmTaumn. B paboTte ycTaHOBMNEHO, YTO B YCITOBUSIX
«CYXOM» MMMEPCUMN MPOUCXOOAT U3MEHEHUS HA YPOBHE MUKPOLIMPKYNSTOPHOro pycna c
pasBUTUEM  SHOOTENManNbHOW  AUCAYHKUMM  (MCCnepoBaHMA € KONMMYECTBEHHbLIM
onpeaeneHnemM LMPKYNUPYIOLLMX MUKPOYACTUL) M CHUXEHMEM BasoaunaTtaumMuM cocynos
KOXW (MccrnegoBaHus MeTogoM nasep-gonnnep ornoymeTpum B COMETAHUM C MOHOMOPE3OM
Ba30aKTMBHbIX CybCcTaHUMi). BbisiBEHHbIE COCYAMCTbIe HapyLUeHUsl BKIKYaloTcs B bonee
obWwmin cMHOpOM AeTPEeHNpPOBaHHOCTW, aHanmM3 MeXaHM3MOB pPas3BUTUS KOTOPOro Takxke
ABMANCA Uenbio paboTbl, B 4YaCTHOCTWM, B acrnekte COBUroB BOAHO-COneBoro ©OanaHca.
lMokasaHO, 4TO B TEeYEHWe nepBbiX CYyTOK UMMEpPCUMM MPOUCXOAUT CTabunmsaumsa BOAHO-
conesoro ©GanaHca Ha HoOBOM YypoBHe. B nepuos BoccTaHOBREHMs Habnogaetca
AOCTOBEPHbIN pocT nnasmaTtudeckoro NT-proBNP, 4TO nO3BOMSET 3akfo4unTb O
NepcnekTMBHOCTN NPUMEHEHMWS 9TOr0 NOKasaTens B Ka4eCcTBe Mapkepa AETPEHNPOBAHHOCTH
cepaeyHo-cocyancTon CUCTEMBI.

lMpoBeaeHHas paboTa Ha SKCMEPUMEHTAnNbHbIX XXMBOTHLIX C WCMONb30BaHMEM MoOEenen
rOPMU3OHTaNbHOM W  aHTMOPTOCTATUYECKOM TUMOKMHE3NW Mo3BoNMna cdopmMmpoBaTtb
rmnoTesy, 4YTO B YCMOBUAX MUKPOrpaBUTaLMM MNPOUCXOOUT YBErNMYeHue TpaHcnokauum
9HOOTOKCMHA U3 KULLEYHMKA BO BHYTPEHHIOK cpedy opraHusaMa U CHWXeHWe MHTEHCUBHOCTHU
3HepreTuyeckoro metabonuama. Ot akTopbl SABMSATCA NAaTOreHETUYECKMMU B Pa3BUTUN
nopaxeHun aHaoTenus.

Takum o6pasom, ANCHYHKUMS IHOOTENNSA MOXET pacCcMaTpMBaTbCs Kak ogHa U3 MULLEHEN B

Tepanumn naTonornn accounmmnpoBaHHbIX C C*)VISI/I‘-IGCKOVI WHaKTUBaLMEN N MVIKpOFpaBVITaLI,I/IeIZ.
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ABSTRACT

Gravitational stimulation is an inherent part of terrestrial environment. Modified gravity
changes functioning of numerous body systems, including cardiovascular system. The aim of
this work was to study the mechanisms of vascular modifications induced by modeled
microgravity.

The human studies were performed using dry immersion. This model is considered as one of
the most appropriate to reproduce the effects of prolonged microgravity and especially to
mimic the lack of support. We found that dry immersion induces microcirculatory impairment
with endothelial dysfunction (study of circulating microparticles) and impaired skin
vasodilation (study by iontophoresis of vasoactive substances coupled with laser Doppler
flowmetry). This vascular impairment is integrated to more general cardiovascular
deconditioning syndrome. The global deconditioning was also considered in this work,
including the rapid reset of water and sodium balance to a new steady state. During the
recovery period, we observed a significant increase of plasmatic NT-proBNP which might
reflect the degree of cardiovascular deconditioning.

Our studies with animal models of horizontal and antiorthostatic hypokinesia suggest that
increased endotoxin translocation and reduced energy metabolism in microgravity could
contribute to endothelial impairment.

Endothelial dysfunction may be regarded as one of the therapeutic targets for pathologies

associated with physical inactivity and microgravity.
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INTRODUCTION

La force de gravité, du fait de son caractére universel, a conditionné le vivant. Les travaux
sur la gravité comme force physique sont trés anciens et ont accompagné la naissance de la
physique au temps de I'Antiquité. Plus tard, les découvertes de Galilée et d'lsaac Newton au
XVII® siecle ont constitué la base des sciences physiques contemporaines liées a la gravité.
Ce n'est que beaucoup plus tard que I'on s’est intéressé aux effets biologiques de la gravité,
ce domaine prenant un essor particulier maintenant que 'homme cherche a se soustraire de
la gravité. La premiére découverte, faite par Thomas Knight (1806), était le géotropisme des
plantes. Les études des effets de la gravité sur les animaux ont débuté, indépendamment,
en France et en Russie - par Salathé (1877) et Tsiolkovski (1879). A. Salathé a étudié
'anémie et la « congestion cérébrale » provoquée par la verticalisation et par un mouvement
giratoire chez le chien et le lapin (Salathé 1877). C. Tsiolkovski étudiait la tolérance a
I'accélération chez les insectes (pour les cafards il a trouvé une limite de tolérance de 300 G)
et chez les poussins (une limite de tolérance de 10 G) (Kotovskaia & Will-Williams 2004).
Dans les années 1920-1940, le développement de l'aviation a intensifié les études de
physiologie et de pathophysiologie de I'hnypergravité.

Mais jusque dans les années 1950, l'incapacité de supprimer le facteur gravité pour une
période plus ou mois longue freinait le développement de la biologie gravitationnelle. Ce
n'est qu'avec la conquéte spatiale que I'étude des effets de I'hypogravité chez le vivant a
commencée. La premiére expérience animale dans I'espace était faite en 1957, avec la
chienne Laika dans Spoutnik 2. En 1961, elle est suivie par le premier vol spatial humain.
Au-dela de l'approche appliquée a la conquéte spatiale, I'étude de la physiologie
gravitationnelle répond a la démarche scientifique, selon le grand principe de Claude
Bernard, qui consiste, pour mieux connaitre un systeme, a étudier les conséquences de son
exclusion. Pour les études en sciences physiques, les périodes courtes d’impesanteur

pendant la chute libre permettaient déja d'apporter des résultats. En revanche, pour le vivant,
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les durées d'impesanteur nécessaires pour objectiver des modifications significatives sont
beaucoup plus longues.

Les difficultés pour organiser des expériences en vol et le besoin de résoudre plusieurs
questions fondamentales et appliquées rendent la simulation expérimentale de la
microgravité sur Terre indispensable. Les moyens de simulation permettent de reproduire
des effets de la microgravité au sol et de soustraire partiellement I'organisme de l'influence
de la gravité. La méthode la plus répandue est I'alitement antiorthostatique (Pavy-Le Traon
et al. 2007). Une autre alternative est 'immersion dans I'eau. Dans les ceuvres brillantes de
C. E. Tsiolkovski, le pére de l'astronautique, on trouve déja les allusions a la possibilité
d'imiter les conditions de limpesanteur sur Terre par 'immersion du corps dans un milieu
liguide. Dans son livre « Au-dela de la Terre » (1920), Tsiolkovski décrit le passage a
l'impesanteur aprés le décollage de la navette spatiale : « ... Quand l'explosion s’arrétera et
que la fusée cessera d'accélérer... la pesanteur relative devra disparaitre... Les voyageurs...
seront semblables aux poissons dans l'eau, ne ressentant seulement a chacun de leur
mouvement... la résistance de I'eau ». Dans l'autre ouvrage remarquable « L'exploration de
I'espace cosmique par des engins a réaction » (1903), en discutant la question d’action de la
gravité sur l'organisme humain, Tsiolkovski a écrit : « Pendant une baignade sur Terre, le
poids de notre corps est presque tout autant neutralisé par I'effet contraire de I'eau. Cette
absence de poids peut étre illimité, pourvu que I'eau soit suffisamment chaude ». Tsiolkovski
a estimé que dans les conditions terrestres « ...les expériences spécifiques pour prouver
gue le milieu privé de la pesanteur est inoffensif étaient a peine nécessaires ». Cependant, le
développement des études cosmiques et le passage aux missions spatiales ont montré
gu'en l'absence de gravité, un « déconditionnement » se développe, se manifestant par la
perte de capacité a réagir de maniere adéquate a la charge de gravité.

Pour systeme cardio-vasculaire, le syndrome de déconditionnement comporte une
intolérance a l'orthostatisme, une tachycardie et une baisse de la capacité a I'exercice.
Plusieurs hypothéses ont été étudiées jusqu’a présent pour expliquer ce déconditionnement

cardio-vasculaire : diminution du volume plasmatique (Buckey et al. 1996, Convertino 1995) ;
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altération de la sensibilité du baroréflexe (Convertino 2002, Engelke et al. 1996) ; atteinte
des fonctions végétatives (Convertino 2002) ; majoration de la compliance veineuse
(Convertino 1995), cette derniére pouvant étre renforcée encore par la diminution du tonus
musculaire (Grigor'ev et al. 2004) ; atteintes vasculaires (Zhang 2001), y compris celle des
fonctions microcirculatoires (Coupé et al. 2009), favorisée par l'inactivité physique et la
diminution prolongée de forces de cisaillement au niveau vasculaire (De Groot et al. 2006).

L'atteinte vasculaire apparait actuellement comme un facteur primordial du
déconditionnement cardio-vasculaire. Mais les mécanismes de cette atteinte et ses liens

avec les symptémes du déconditionnement cardio-vasculaire restent & étudier.
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OBJECTIFS DE CE TRAVAIL

Les changements les plus importants en microgravité sont observés dans les systemes
gravité-dépendants, y compris dans le systeme cardio-vasculaire. Une des raisons de ce
déconditionnement cardio-vasculaire est I'atteinte vasculaire. Le cadre général de ce travail
concerne I'étude des modifications vasculaires induites par les modéles de microgravité.
Quels sont les mécanismes de la dysfonction vasculaire dans les conditions de changement
d’action du vecteur gravité ? Pour y répondre, nous avons mené des études sur les
modifications cardio-vasculaires chez 'homme induites par le modéle d’immersion séche.
Nous avons aussi proposé de nouvelles hypotheses de la dysfonction vasculaire en utilisant
les modéles animaux.

Il semble que ce soient les atteintes endothéliales, surtout microcirculatoires, qui
apparaissent les premiéres avec le changement en microgravité des forces physiques qui
s'exercent sur l'organisme. De nombreuses questions demeurent autour de ces fonctions
microcirculatoires : par quels mécanismes sont-elles affectées par la microgravité et
comment peuvent-elles s'intégrer dans le syndrome de déconditionnement cardio-
vasculaire ? Dans ce travail nous voulons étudier spécifiquement I'état de I'endothélium et
'état fonctionnel de la microcirculation en microgravité simulée et leurs liens avec les
changements globaux cardio-vasculaires.

Parmi les mécanismes évoqués, nous nous sommes intéressés principalement aux effets
spécifigues de linactivité physique. Nous avons aussi voulu explorer de nouvelles
hypothéses. Chez I'animal la microgravité influe-t-elle la translocation des endotoxines ?
L'augmentation des taux plasmatiques d'endotoxines pourrait endommager I'endothélium
directement et indirectement. Nous avons aussi étudié les effets de microgravité simulée sur

l'intensité métabolique.
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LE CONTEXTE GENERAL

A. La microgravité

1. Les paramétres environnementaux a prendre en compte

dans 'espace

2. Les modeles

B. Régulation de la pression artérielle et de la perfusion régionale

C. Comment les paramétres environnementaux liés a I'espace

peuvent modifier le fonctionnement vasculaire
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Al. LA MICROGRAVITE :

LES PARAMETRES ENVIRONNEMENTAUX A PRENDRE EN COMPTE

DANS L'ESPACE

La compréhension des paramétres environnementaux spécifigues a l'espace est
indispensable pour créer I'habitat, envisager les systémes de protection et réaliser toutes les
conditions de vie nécessaires pour permettre les performances physique et mentale des
spationautes. Prenant en compte les projets de conquéte de Mars au XXI° siecle, la
médecine spatiale doit se préparer pour des missions plus prolongées, plus compliquées et

plus ambitieuses.

Les facteurs agissants dans le véhicule spatial

Pour l'instant et dans un proche avenir, 'environnement pendant le vol peut étre qualifié de
restrictif (Nicogossian et al. 1993). Confinement, atmosphére et rythme nycthéméral
artificiels, isolements physique et social, monotonie des stimuli visuels, auditifs, olfactifs,
tactiles, gustatifs et thermiques sont inhérents a la vie dans l'espace, ainsi que
'hypodynamie (diminution de la charge s’exergcant sur les muscles posturaux) et
I'hypokinésie (réduction de l'activité motrice) (Kovalenko & Gurovsky 1980). Tous ces
facteurs peuvent provoquer un stress, d'autant plus que le vol spatial entraine une charge
émotionnelle non négligeable pour le spationaute aprés sa longue période d’entrainement et
une sélection tres compétitive (Karemaker & Berecki-Gisolf 2009). Au-dela de la protection
par la magnétosphere terrestre, le facteur radiation représente également un danger non
négligeable (Nicogossian et al. 1993) et requiert des systémes de protection (Petrov et al.
2001).

Mais de tous les facteurs agissants dans I'espace, la microgravité est le seul spécifique du
vol spatial et inimitable dans les conditions terrestres, hormis sur une courte période. Pour

étudier la microgravité au sol nous avons donc recours a des modéles qui reproduisent non
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pas la microgravité elle-méme, mais ses effets. Les effets primaires de Ia
microgravité (Grigor'ev & Egorov 1988) sont :

e L'absence de poids supprimant les tensions s'exercant sur les différentes structures
du corps et les déformations qui en résultent habituellement,

e La diminution significative des efforts physiques, grace a la mise en décharge des
structures d’appui et des muscles posturaux, ainsi que I'absence quasi compléte
d’efforts a fournir pour se mouvoir,

o La disparition des gradients hydrostatiques, induisant la redistribution liquidienne vers
le pble thoraco-céphalique,

e La modification des influx sensoriels, diminués pour la proprioception, altérés pour le

systeme vestibulaire et supprimés pour la perception d’appui.

La possibilité de reproduire I'absence d’appui fait toute I'originalité et tout I'intérét du modeéle
d’'immersion séche en comparaison aux autres modéles de simulation de microgravité. La
suppression du gradient de pression mécanique en immersion crée des conditions similaires
a l'absence totale de soutien structurel, contrairement a la position debout ou couchée
habituelle avec appui constant sur des zones limitées des pieds ou du dos (Kovalenko &

Gurovsky 1980).
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A2. LA MICROGRAVITE :

LES MODELES

Sur Terre, nous pouvons expérimenter la microgravité pendant une fraction de seconde lors
d'un saut par exemple. Les vols paraboliques permettent une durée de microgravité réelle
mais en général trop courte pour I'étude du vivant (25 s maximum). Pour simuler les effets
physiologiques de la microgravité prolongée, plusieurs modéles humains et animaux sont
utilisés. Nous proposons de classer ces différentes méthodes de simulation en fonction du

degré d'inactivité physigue induite.

Chez 'homme

* L’immobilisation partielle par décharge d'un membre
(Kovalenko 1977, Bleeker et al. 2005a), induit une inactivité

physique segmentaire uniquement (Fig. 1).

Figure 1. Modéle de décharge unilatérale (ULLS)

(d’aprés Berg et al. 1991)
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* L’infrastructure de suspension de corps avec harnais spécial pour diminution d’appui chez

’homme (Spady 1969) est utilisée pour imiter la gravité diminuée, par exemple lunaire

(0.17 G) (Fig. 2).

Figure 2. Simulateur de gravité lunaire,
Centre de Recherche Langley de
NASA, Virginia, Etats-Unis. Le sujet
habillé en costume spécial est supporté
par des fils de fagon qu'un-sixieme de
son poids soit appliqué sur un mur

incliné dans le but de simuler la marche

sur la surface lunaire

http://www.nasa.gov/centers/langley/news/factsheets/Landmarks.html

* Le maintien prolongé de la position assise (Lamb et al. 1964, 1965, Panferova 1976) a été
proposé dans les années 1960 - 1970. Il induit une inactivité plus importante mais sa mise
en ceuvre est difficile. Le modéle le plus couramment utilisé reste I'alitement prolongé,
horizontal ou antiorthostatique avec différents angles d’inclinaison (Fortney et al. 1996, Pavy-

Le Traon et al. 2007) (Fig. 3).

Figure 3. Alitement antiorthostatique
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* En immersion séche (Shulzhenko & Vil-Vilyams 1975) I'inactivité physique est encore plus
importante que lors de l'alitement prolongé, car la force de flottabilité compense les efforts

induits par les mouvements et I'absence d’influx des zones d’appui annule le tonus des

muscles posturaux (Fig. 4).

Figure 4. Immersion séche

« La microgravité réelle (Fig. 5), avec sa baisse significative d’efforts physiques, induit
linactivité physique la plus poussée. Cependant, I'interprétation des données des missions
spatiales se complique par le manque de contrdle, vu que tous les membres d’équipage sont

obligés de s’entrainer si la mission excéde 10 jours (Adams et al. 2003).

Figure 5. Microgravité réelle
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Chez I'animal (rongeur)

» Chez les rongeurs, les modéles d'immobilisation partielle sont la décharge du train
postérieur par la queue proposé par Morey-Holton (Morey-Holton & Globus 2002) (Fig. 6) et
en modification « anneau-queue » (deux boucles passés via les espaces intervertébraux de
la queue pour fixer le céble de suspension) (Brown et al. 2005) (Fig. 7). Il y a également la
suspension du rat avec un harnais : modéle de Mussachia et coll. (Mussachia et al. 1980), et

sa modification par Overton-Tipton (Stump et al. 1990) (Fig. 8).

Figure 6. Décharge du train postérieur par la queue
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Figure 8. Harnais de décharge du train postérieur (d’aprés Mussachia et al. 1980)

» L’hypokinésie antiorthostatique et horizontale chez le rongeur est effectuée a l'aide de
cages de contention. L’hypokinésie antiorthostatique continue chez le rat est largement

utilisée par I'équipe de Monos (Raffai et al. 2009, Monos et al. 2007) (Fig 9).

Figure 9. Hypokinésie antiorthostatique

continue (d’aprés Monos et al. 2007)
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* Une stimulation discontinue (head-down tilt) chez rat est utilisée par notre équipe en

Biélorussie, et aussi par Suzuki et al. (2008) (Fig. 10).

Figure 10. Hypokinésie antiorthostatique discontinu (utilisée par Kulchitsky et collegues)

Si les modéles humains sont bien admis pour étudier les effets de la microgravité sur le
systéme cardio-vasculaire, les modéles chez les rongeurs demeurent utiles pour étudier le
mécanisme des atteintes cardio-vasculaires liées a l'environnement. Il faut cependant
interpréter les résultats obtenus grace a ces modéles animaux avec prudence pour le
domaine cardio-vasculaire : les rongeurs étant des quadrupédes, la tolérance a

I'orthostatisme est d'évaluation difficile chez eux.
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B. REGULATION DE LA PRESSION ARTERIELLE ET DE LA PERFUSION
REGIONALE

Les artéres de résistance déterminent la pression artérielle systémique et le flux sanguin

local

Régulation de la pression artérielle

La régulation de la pression artérielle implique plusieurs mécanismes qui contrélent la
fréquence cardiaque, la contractilité, les résistances périphériques et le volume sanguin. Ces
mécanismes sont a réponse rapide ou a long terme. La régulation immédiate s’effectue
principalement avec la boucle du baroréflexe. La régulation a long terme implique toujours le
ceeur et les vaisseaux, mais aussi le volume sanguin. La mise en jeu et l'importance des

différents facteurs du contrdle de la pression artérielle sont schématisées dans la Fig. 11.

O Figure 11. Délai de mise en jeu
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Régulation de la perfusion régionale

La perfusion des tissus est la fonction principale de la circulation sanguine. En situation
physiologique et dans des conditions de pression artérielle stable, le flux régional est
déterminé par le tonus artériolaire. Les mécanismes de régulation du tonus artériolaire sont

récapitulés dans la Fig. 12.

Figure 12. Les mécanismes de la régulation du tonus artériolaire. AVP, arginine-
vasopressine ; EDHP, facteur hyperpolarisant dérivé de I'endothélium ; ET-1, endothéline 1 ;
NA, noradrénaline ; NO, monoxyde d'azote; O?, anion superoxyde ; PCO,, pression partielle
en dioxyde de carbone; PGI,, prostacycline ; PO,, pression partielle en oxygéne ; TXA,,

thromboxane A, ; VC, vasoconstriction ; VD, vasodilatation

Réponse au flux
(au changement de forces de cisaillement)

J— ) Réponse myogénique
Endothelllege. \E/.II.D 1(N(§)2,_P_IC;;EDHP. - T A (au changement de pression sanguine
(ET-1, 0%, 2) ™ Régulation dans les artérioles)
locale
Métabolique v . Réponse veino-arteriolaire
(PO,, PCO,, pH*, métabolites, K*, (au changement de pression sanguine
adénosine, osmolarité...) dans les veinules)

VC (adrénaline,
angiotensine 11, AVP; kinines)

VC (sympathique NA-ergique tonique) }\

Facteurs Facteurs
/ neuronaux humoraux

Pour certains vaisseaux : VD active

VD ti triureti
(sympathique, parasympatique) \‘ (peptides natriuretiques)

La régulation de la perfusion régionale est spécifique pour un territoire donné. On évoque
ainsi le contréle des circulations coronaire, cérébrale, musculaire, cutanée, pulmonaire ou

rénale. Ceci rend toute étude globale des fonctions vasculaires relativement difficile.
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C. COMMENT LES PARAMETRES ENVIRONNEMENTAUX LIES

A L'ESPACE PEUVENT MODIFIER LE FONCTIONNEMENT VASCULAIRE

L'environnement spatial, comme nous l'avons dit, est complexe et associe l'isolement, le
confinement, le stress, l'inactivité physique poussée, la microgravité avec I'annulation de la
composante hydrostatigue de pression et des transferts liquidiens thoraco-céphaliques.
L’absence d’appui est caractéristique de I'environnement spatial. Tous ces facteurs peuvent
affecter le systéme cardio-vasculaire.

Les facteurs psychosociaux causent une altération hémodynamique importante (Plante
2002). L'isolement, le confinement et le stress chronique augmentent ['activité
neuroendocrinienne (Hornstein 2004) et modifient le tonus vasculaire chez 'lhomme. Ainsi,
les jeunes adultes isolés socialement montrent une résistance vasculaire augmentée. Ce
mécanisme de contrdle de la pression artérielle est associé a la réponse passive aux
facteurs de stress (Cacioppo & Hawkley 2003). L'isolement social pendant l'enfance est
associé a I'hypertension et a un risque vasculaire plus élevé 20 ans plus tard (Caspi et al.
2006). Chez les adolescents et les adultes, le stress chronique, l'isolement social et la
solitude entrainent une augmentation plus importante de la pression artérielle en réponse
aux facteurs de stress (Low et al. 2009, Steptoe et al. 2004). Un stress chronique augmente
rapidement la rigidité des artéres majeures (Plante 2002).

L'isolement social et le stress augmentent directement le taux de fibrinogene (Steptoe et al.
2004) et le taux de plaquettes dans le sang (Hornstein 2004). Par ailleurs, le stress altere la
fonction endothéliale (Hornstein 2004) et la vasodilatation induite par le flux (FMD) dans
I'artére humérale (Cooper et al. 2010). In vitro, les hormones de stress aigu (adrénaline et
noradrénaline) et chronique (beta-endorphine, corticotropin releasing hormone) induisent la

libération d’ET-1 par les cellules endothéliales (Nickel et al. 2009).
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L’inactivité physique a une influence spécifique sur le risque cardio-vasculaire global,
indépendamment de son action sur les autres facteurs de risque liés a la pression artérielle
comme l'indice de masse corporelle ou les taux plasmatiques de cholestérol, de triglycérides
et de glucose. Soixante pour cent de la réduction du risque cardio-vasculaire relatif associé a
I'exercice physique peuvent étre expliqués par une action sur les autres facteurs de risque
(Fig. 13), suggérant qu'au moins 40% de cette réduction reposent sur les effets directs de

I'activité physique.

Figure 13. (Thijssen et al. 2010). Pourcentages
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La gravité et le niveau d’activité physique agissent directement sur les forces physiques
qui s’appliquent sur les vaisseaux. L’effet cardio-vasculaire primaire de la microgravité est la
redistribution de la pression vasculaire transmurale lorsque les gradients hydrostatiques
disparaissent. L’inactivité diminue le flux sanguin, ce qui modifie les forces de cisaillement et
la pulsatilité du flux (Thijssen et al. 2010).

On comprend bien I'importance de I'exercice aérobie comme le vélo pour préserver un bon
fonctionnement cardio-vasculaire. En outre il serait intéressant de regarder les effets des
exercices physiques qui induisent des déplacements inertiels des liquides corporels le long
de l'axe téte-pieds. Les « chocs » hydrodynamiques longitudinaux pendant la marche, la
course ou des sauts pourraient étre importants pour préserver la régulation adéquate du

tonus vasculaire (Stepantsov et al. 1974).
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Les forces physiques modifient le fonctionnement et la structure des vaisseaux. Ainsi les
variations de flux sanguin et de pression transmurale induisent a court terme une adaptation
du tonus vasomoteur et a long terme des modifications structurales des vaisseaux appelées
remodelage vasculaire. Ce remodelage implique les différentes couches des vaisseaux, en
particulier la couche des cellules endothéliales et celle des cellules musculaires lisses (De

Groot et al. 2006).

Mis a part la modification des forces physiques au niveau vasculaire, certains facteurs
circulants devraient aussi étre pris en compte. En particulier, l'activation de facteurs
proinflammatoires pourrait participer a I'atteinte endothéliale associée au déconditionnement

cardio-vasculaire.
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TRAVAIL EXPERIMENTAL CHEZ L'HOMME :

L'IMMERSION SECHE

A. L'immersion séche: revue et perspectives
B. Etude des modifications cardio-vasculaires
induites par 'immersion seche
1. Présentation de notre protocole
2. Etat de I'endothélium et fonctions microcirculatoires
3. Réponse cardio-vasculaire a I'orthostatisme

4. Métabolisme hydro-sodé et sa régulation hormonale

49






A. 'IMMERSION SECHE : REVUE ET PERSPECTIVES

L’immersion seche reproduit de prés les effets physiologiques principaux de la microgravité

“LONG TERM DRY IMMERSION: REVIEW AND PROSPECTS”

Navasiolava N, Custaud MA, Tomilovskaya E, Larina I, Mano T, Gauquelin-Koch G, Gharib C,

Kozlovskaya I. - European Journal of Applied Physiology 2010 Dec 14 [Epub ahead of print]

En immersion seche, un film élastique imperméable isole le sujet immergé jusqu'aux
aisselles ou jusqu’au cou, ce qui évite tout contact direct avec I'eau. Les résultats de
nombreuses expériences ont montré que l'immersion séche peut étre considérée comme
'un des modéles les plus adéquats pour étudier les effets physiologiques de la microgravité.
Outre I'environnement monotone, les changements hémodynamiques et les effets
hypokinétiques (déja modélisés par l'alitement prolongé), I'immersion séche reproduit en
particulier 'absence d’appui et la diminution des influx proprioceptifs. Les changements
majeurs induits par une immersion seche prolongée sont observés particulierement dans les
systemes dépendants de la gravité : le systéeme neuromusculaire, I'équilibre liquidien et le
systeme cardio-vasculaire. La vitesse de développement et le degré des désordres
neuromusculaires fonctionnels et structurels en immersion séche sont trés semblables a
ceux du vol spatial, voire plus intenses. Une atonie immédiate des muscles posturaux, une
diminution de la force et de la vitesse des contractions musculaires, une détérioration de la
coordination et un retard des réactions sensitivo-motrices sont observées. Les modifications
adaptives de la balance hydro-sodée incluent la redistribution liquidienne rapide entre les
secteurs intravasculaire et extravasculaire et une augmentation de I'élimination d'eau. Le
systeme cardio-vasculaire subit le déconditionnement. En Russie, 'immersion seche a court
terme a été pratiquée dans un but thérapeutique. Elle peut étre proposée en pédiatrie pour la
réhabilitation des enfants prématurés, en cardiologie et néphrologie pour le traitement de
I'hypertension et des cedémes, en neurologie pour affiner le diagnostic de certains troubles
dissimulés et pour réduire une hypertonie musculaire. Elle peut également étre proposée

comme méthode de relaxation.
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Abstract Dry immersion, which is a ground-based
model of prolonged conditions of microgravity, is widely
used in Russia but is less well known elsewhere. Dry
immersion involves immersing the subject in thermo-
neutral water covered with an elastic waterproof fabric.
As a result, the immersed subject, who is freely sus-
pended in the water mass, remains dry. For a relatively
short duration, the model can faithfully reproduce most
physiological effects of actual microgravity, including
centralization of body fluids, support unloading, and
hypokinesia. Unlike bed rest, dry immersion provides a
unique opportunity to study the physiological effects of
the lack of a supporting structure for the body (a phe-
nomenon we call ‘supportlessness’). In this review, we
attempt to provide a detailed description of dry
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immersion. The main sections of the paper discuss the
changes induced by long-term dry immersion in the
neuromuscular and sensorimotor systems, fluid—electro-
lyte regulation, the cardiovascular system, metabolism,
blood and immunity, respiration, and thermoregulation.
The long-term effects of dry immersion are compared
with those of bed rest and actual space flight. The actual
and potential uses of dry immersion are discussed in the
context of fundamental studies and applications for
medical support during space flight and terrestrial health
care.
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Introduction
Immersion

Immersion in fluid is the natural state for our cells, for our
aquatic ancestors, and even for ourselves during the
9-month prenatal period. The curative properties of immer-
sion in water have been known and exploited for centuries
(Epstein 1992; Somody et al. 1999). Somewhat ironically,
however, the current growing scientific interest in water
immersion is due not to prior experience, but rather to the
development of space programs. Weightlessness causes
numerous physiological changes, which affect the muscu-
loskeletal, cardiovascular, sensory, nervous, and other
systems. Experimental opportunities during actual space
flight are limited, so ground-based models are necessary.
These models allow the assessment of microgravity-
induced deconditioning effects, and reveal gravitational
mechanisms in the body’s physiological systems, as well as
mechanisms involved in adaptation of the body to micro-
gravity. In particular, they allow researchers to develop and
test measures to counter the deleterious effects of weight-
lessness. Immersion is one such model, because it creates
conditions that closely resemble the gravity-free
environment.

Classification of immersion models

A number of different approaches are covered by the term
“immersion”. The immersion model of weightlessness can
be classified as follows. With regard to the immersion
medium, virtually all studies use tap water, but sodium
chloride and silicon solutions have also been tested.
According to the position of the body axis, immersion can
be upright (standing, sitting, and even inverted) or hori-
zontal. Concerning depth, a distinction is made between
whole-body immersion, immersion up to the neck (also
called head-out or deep immersion), and gradual immer-
sion (up to the umbilicus, up to the xiphisternum, etc.).
Regarding the temperature of the medium, immersion can
be thermoneutral (around 34.5°C or 94°F), hot, cool or
cold. With regard to insulation of the subject from the
medium, immersion can be without insulation (“wet”
immersion, the most widespread model) or with insulation;
by means of a waterproof fabric (“dry” immersion, Figs. 1,
2), or a diving suit (“suit” immersion). With respect to
exposure time, immersion can be short or prolonged; with
the “wet” model, immersion lasts no more than several
hours, whereas for the “dry” model it can last for several
days or even weeks. In this review, “immersion”, unless
otherwise specified, refers to head-out, thermoneutral
immersion in water.
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Fig. 1 Dry immersion method: the subject is immersed up to the
neck and separated from the water with waterproof fabric

Fig. 2 Dry immersion experiment
The main effects of immersion

Several factors act simultaneously on the human body
during immersion.

Supportlessness

During horizontal immersion, pressure forces are distrib-
uted nearly equally around the entire surface of the body
(only the head and neck are not entirely supported by
water). This is in contrast to the usual standing and supine
positions, in which limited areas of the body carry the
weight (feet or back). The absence of mechanical support
of specific zones during immersion creates a state akin to
weightlessness that we call supportlessness. This support-
lessness itself induces physiological changes in the body’s
motor and other systems. The removal of afferent signals
from the support zones of the feet has been shown to
trigger a dramatic fall in activity of the postural muscle
system (Gevlich et al. 1983; Grigor’eva and Kozlovskaia
1983; Kozlovskaia 2008; Kozlovskaya and Kirenskaya
1987; Miller et al. 2004) as we shall describe later.
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Extensive physical inactivity

Hypokinesia and hypodynamia are the principal charac-
teristics of physical inactivity induced by dry immersion.
Hypodynamia involves a decrease in postural muscle load,
whereas hypokinesia is a reduction in motor activity. In
addition to the acute limitation of normal muscular activity
and the reduced stress on muscles and bones, thermoneutral
immersion swiftly causes a significant decrease in muscle
tone and muscle tension (Grigor’ev et al. 2004; Kozlovs-
kaia et al. 1984) that cannot be achieved even with the
prolonged bed rest model (Kovalenko and Gurovsky 1980).

Hydrostatic compression

When a subject is immersed, hydrostatic compression of
superficial tissues and vessels lowers the peripheral vas-
cular capacity, which causes a pronounced reduction in
the vascular volume of the skin, and a sustained increase
in transcapillary reabsorption (movement of fluid from the
interstitial to the intravascular space). The main reason for
this transcapillary shift of fluid is assumed to be the
pressure gradient between the interstitial and intravascular
compartments (Miki et al. 1989). The shift results in the
prompt centralization of fluid and an increase in total
blood volume. Hydrostatic pressure increases with the
depth of immersion and thus acts more on the lower
surfaces of the body. The internal hydrostatic pressures
are counterbalanced exactly by those of the surrounding
water regardless of posture in the water. The hydrostatic
compression induces a prompt redistribution of body flu-
ids towards the thoracocephalic region (Epstein 1996;
Somody et al. 1999).

Many studies have been published on “wet” immersion;
however, they have mostly focused on short-term exposure
(up to 6-9 h). Dry immersion was first developed and has
been used mainly by Russian scientists (Grigor’ev et al.
2004; Kozlovskaia 2008; Shulzhenko and Vil-Vilyams
1975, 1976, and many other authors whose results are
discussed below). Only a few non-Russian scientists have
mentioned the specific model of dry immersion (Clement
and Pavy-Le Traon 2004; Iwase et al. 2000; Nicogossian
et al. 1993; Somody et al. 1999; Watenpaugh and Hargens
1996). To our knowledge, apart from those performed in
Russian facilities, dry immersion studies have only been
conducted in India (Modak and Banerjee 2004) and Austria
(Berger et al. 2001; Saling et al. 2002; Struhal et al. 2002).
Given the efficiency of the long-term dry immersion
method on the one hand, and the relative lack of infor-
mation on dry immersion for the English-speaking reader
on the other, we provide here a detailed review of the
experiments that have been performed with the dry
immersion model.

Dry immersion: history and description

Creation of the method: a short history

The main limitation of the usual method of “wet”
immersion in water is its duration, which cannot exceed
6-12 h. Early attempts to extend the immersion time by
using isotonic or hypertonic sodium chloride or silicon
solutions were abandoned because of maceration of the
skin by the salt solutions and the expense and technical
difficulty of the silicon technique. In contrast, dry immer-
sion is simple, easy to replicate, and allows the experi-
mental period to be lengthened (Leach Huntoon et al.
1998). The dry immersion method was first proposed
during the early 1970s as a means of simulating prolonged
microgravity during an era of active development of space
programs. It was first described by E.B. Shulzhenko and
LS. Vil-Vilyams (Shulzhenko 1975; Shulzhenko and
Vil-Vilyams 1975) who were Soviet specialists in space
biology and medicine and worked at the Institute of Aviation
and Space Medicine (now called the Institute of Biomedical
Problems, Moscow). The dry immersion model makes it
possible, for a relatively short period, to reproduce closely the
physiological effects of microgravity.

The first experiments lasted 10 h, and later 3-, 7-, 13-
and 28-day dry immersions were tested, with the longest
duration being 56 days (Shulzhenko 1975; Shulzhenko and
Vil-Vilyams 1976). By comparison, the longest head-down
bed rest study to date lasted 370 days and was conducted in
the former Soviet Union in 1986-1987 (Leach Huntoon
et al. 1998).

Detailed description of the dry immersion method
(Figs. 1, 2).

The experiments are performed in a specially designed bath
filled with tap water. The bath used by Shulzhenko (Shu-
Izhenko and Vil-Vilyams 1976) for one subject was
2m x 1 m x 1 m; for simultaneous immersion of two
subjects, a water pool with an area of 7.2 m? and a depth of
2.1 m was used. Nowadays in Russia, a bath that is 2.2 m
long, 1.1 m wide, and 0.85 m deep is used for one subject
(the length was increased to avoid accidental or intentional
touching of the ends of the bath with the feet, which could
provide stimulation for the foot support zones and thus
compromise the results). Baths for two (Grigor’ev et al.
2004) or three volunteers are also available in Russia.
Austrian researchers use a round swimming pool for the
simultaneous immersion of several subjects. A special
highly elastic waterproof fabric is attached to a metal rim
around the external margin of the bath. The area of the
fabric considerably exceeds the area of the water surface (if
the bath were empty, the fabric would reach the bottom).
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The bath has a built-in lift for lowering and raising the
subject. The subject, dressed in a comfortable sport suit, is
placed on the waterproof fabric after the fabric has first
been covered with a cotton sheet for hygiene reasons. The
subject is lowered slowly into the water on the lift and his
body is gradually covered with the folds of fabric together
with the water they contain. The fabric is thin and of suf-
ficient area to allow the subject to appear to be “freely
suspended” in the water mass, under conditions that are
similar to a complete lack of structural support. Depending
on the protocol, the depth of immersion used to be either up
to the neck, or up to the imaginary line that connects the
armpits (head and upper chest out of the water). Now, the
accepted depth is up to the neck (“clavicles hidden”), in
order to maximize the effects of dry immersion. The sub-
jects are permitted to put their hands out to work with a
computer, eat, read, and perform experimental tasks. The
water temperature is regulated automatically and checked
by a thermometer floating in the middle of the water mass.
It is set to 32-34.5°C (thermoneutral), and is adjusted
for comfort within these limits at the subject’s request
(Kozlovskaia 2008; Shulzhenko and Vil-Vilyams 1976).
The air temperature is approximately 24°C, in order to
maintain the heat balance when the subject is raised from
the bath. The subject remains under constant medical
observation 24 h a day. For physical examinations and
visual inspections of the skin, the folds of fabric can be
moved apart without changing the experimental conditions
substantially. Recordings from any site on the body can be
taken without risk of wetting the probes or electrodes.
Urine is collected into clinical urine pouches. Once a day,
the subject is allowed to get out for 15 min for hygiene
procedures and weighing.

E.B. Shulzhenko and I.S. Vil-Vilyams defined their
method as “water immersion hypokinesia”. They provided
evidence that the use of dry immersion allowed prolonged
experimentation without concomitant complications (Shu-
Izhenko et al. 1977), and recommended it for large-scale
experimental use. To date, dry immersion has been per-
formed at the Institute of Biomedical Problems for more
than 30 years (since 1975), usually with 1-2 sessions per
year and 8—12 subjects per session. The most common
durations of immersion are 3 and 7 days, depending on the
experimental task. Up to now, only male volunteers have
been studied, primarily because mainly men have partici-
pated in actual Russian space missions, but also because
urination in the dry immersion bath is more complicated
for women.

Tolerance and subjective sensations

In general, the subjects find dry immersion to be com-
fortable during the initial period (Atkov and Bednenko
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1992; Iwase et al. 2000; Nicogossian et al. 1993;
Shulzhenko and Vil-Vilyams 1976). Volunteers’ comments
have included: “As if you were lying in thick jelly and
didn’t sink...”; “It is like a soft feather bed or a slightly
inflated rubber mattress...”. The sensation of headward
blood transfer (heaviness in the head), slight obstruction of
the nose, and some difficulty in inhaling occur later. Nearly
all subjects complain of backache after the first 6-8 h of
dry immersion (possibly due to loss of tone in the back
muscles), but this disappears by day 2-3. This backache is
especially severe in persons whose muscles have under-
gone intensive training. Sleep disturbance, loss of appetite,
and diarrhea can also occur (Fomin et al. 1985; Shulzhenko
1975; Shul’zhenko et al. 1984). When several subjects are
immersed in one bath, some of them report symptoms of
motion sickness during water movement (Struhal et al.
2002). Similar complaints have been described during the
first few days of space flight (Egorov 1996; Kornilova
1997; Williams et al. 2009) or bed rest (Baum and Essfeld
1999; Greenleaf 1984).

Dry immersion: initial responses

The initial responses to dry immersion are induced by
immediate changes in the distribution of body fluids and
the removal of support stimulation. This section discusses
the acute effects that become apparent within the first 12 h.

Fluid—electrolyte and cardiovascular changes

Initial renal and cardiovascular responses are common for
both dry immersion and “wet” immersion, with an acute
increase in water and electrolyte excretion and changes in
hemodynamic parameters. Most “wet” immersion studies
use the upright, sitting or standing, posture. Some evidence
indicates that posture does not significantly influence the
response. Larina et al. (1999) compared data from experi-
ments that involved dry immersion or horizontal and ver-
tical suit immersion, and found that the quantitative effects
of dry immersion and vertical suit immersion on water and
electrolyte excretion were nearly identical for the first
3-5 h of exposure. Genin et al. (1988) found that hemo-
dynamic parameters did not change significantly as the
subject transferred between horizontal and vertical
immersion, which suggests that these positions in water are
hemodynamically similar. With respect to acute cardio-
vascular responses to dry immersion, Modak and Banerjee
(2004) showed that, during 4 h of dry immersion (n = 11),
there was a significant decrease in heart rate of about
5 bpm and in diastolic blood pressure of about 5 mmHg, as
well as a 9% increase in stroke volume and a 7% decrease
in total peripheral resistance during the first 2 h (Fig. 3).
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Fig. 3 Heart rate (HR),
diastolic blood pressure (DBP),

Dry immersion

and stroke volume (SV) before,
during and after 4 h of dry
immersion, mean £ SD
(adapted from Modak and
Banerjee 2004)
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The main stimulus that triggers water—electrolyte chan-
ges during immersion is assumed to be congestion of the
central vascular regions (Epstein 1996; Somody et al.
1999). Under immersion, the hydrostatic pressure lowers
the peripheral vascular capacity and increases vascular
perfusion. This leads to the prompt redistribution of fluid
with relative central hypervolemia. The resulting changes
are an increase in cardiac output (Arborelius et al. 1972), a
decrease in sympathetic nervous system activity, suppres-
sion of the renin—angiotensin—aldosterone system (Epstein
1996), an increase in atrial natriuretic peptide (Epstein et al.
1989), a decrease in vasomotor tone, and high natriuresis
and diuresis (Nicogossian et al. 1993). There are no avail-
able data about changes in central venous pressure during
the acute phase of dry immersion. For head-out vertical
water immersion with a duration of 10 min, Arborelius
et al. (1972) reported an acute increase in central venous
pressure from 3 to 15 mmHg. During chronic dry immer-
sion, Fomin et al. (1985) measured central venous pressure
in two healthy young men and four men with borderline
arterial hypertension using the Valdman apparatus (cathe-
ter). The maximal increase (+40% for the healthy volun-
teers and more than +50% for the subjects with borderline
arterial hypertension) was observed on day 3 of dry
immersion, with a tendency to return to normal by day 7.

However, in space, an unexpected decrease in central
venous pressure has been observed (Buckey et al. 1996a;
Foldager et al. 1996; Kirsch et al. 1984). Surprisingly, car-
diac output did not decrease. Several hypotheses have been
suggested, which include thoracic (Foldager et al. 1996) and
cardiac (Koenig et al. 1998) biomechanical changes that are
specific to real conditions of weightlessness. During
weightlessness, the chest relaxes and thus the volume of the
closed chest cavity increases. Intrathoracic pressure is
decreased more than central venous pressure, so the real
transmural filling pressure increases, with subsequent
increases in heart size and stroke volume (White and
Blomgqvist 1998). Thus, it should be taken into account that
actual weightlessness and terrestrial models for weightless-
ness, namely dry immersion and head-down bed rest, induce
quite different changes in central venous pressure.

Muscle tone and afferent input

Whereas fluid centralization is inherent to both dry
immersion and head-down bed rest, the swift drop in
muscle tone and the acute alteration in afferent input is
specific to dry immersion. Under terrestrial conditions,
muscle tone—the continuous partial muscle contractions
that help to maintain posture without causing fatigue—is
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always maintained. Supportlessness immediately induces a
marked decrease in muscle tone. The dramatic loss of
postural muscle tone is one of the early manifestations of
exposure to dry immersion (Gevlich et al. 1983; Kozlovs-
kaia 2008; Kozlovskaya et al. 1988, 2007a). For the pos-
tural muscles, the 40-50% drop in tone occurs within the
first few hours of dry immersion (Gevlich et al. 1983;
Kozlovskaya 2002; Kozlovskaia et al. 1984). Kozlovs-
kaya’s team revealed that these changes are due to the lack
of support stimuli, which, under terrestrial conditions, seem
to be a natural trigger for activity of the postural muscles
(Grigor’ev et al. 2004; Kozlovskaia 2008; Kozlovskaya
et al. 2007a, b; Vinogradova et al. 2002a).

Dry immersion: principal changes induced
by long-term exposure

Neuromuscular and skeletal system
Muscles and muscular deconditioning

The alteration of skeletal muscle structure and function is
one of the characteristic features of the body’s adaptation
to microgravity. Studies of the neuromotor effects of
weightlessness have shown that microgravity motor syn-
drome is characterized by a decrease in muscle tone,
changes in muscle structure (atrophy, myofibrillar
destruction, alterations in muscle fiber composition), and a
corresponding reduction in the force of muscle contraction.
These changes are most profound in antigravity tonic leg
and body muscles (Adams et al. 2003; Berry 1973; II’yina-
Kakueva et al. 1979; Kakurin et al. 1971; Williams et al.
2009). The physiological mechanisms involved in the
adaptation of tonic muscles to microgravity are summa-
rized in Fig. 4. Neuromotor changes also involve distur-
bances in coordination, which result in decreased accuracy
in muscle effort, decreased performance with respect to
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Protein
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Fig. 4 Schematic diagram of the physiological mechanisms for the
adaptation of tonic muscles to microgravity (adapted from Kozlovs-
kaya 2007)
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Fig. 5 Changes in transverse stiffness in the m. soleus and m. tibialis
anterior after 6 days of dry immersion (D/) with and without support
zone stimulation (SS) as a percentage of the baseline value,
mean + SD. Adapted from Kozlovskaya et al. (2007b)

motor tasks, decreased postural stability, and locomotion
disturbances (Chkhaidze 1968; Gazenko et al. 1987; Homick
et al. 1977; Kozlovskaya et al. 1981).

Changes in muscle functions

Dry immersion induces an obvious decline in postural
muscle tone (as evidenced by decreasing stiffness) and a
decrease in the electromyographic activity of extensor
muscles with a simultaneous increase in flexor activity
within the first few hours (Grigor’ev et al. 2004; Grigor’eva
and Kozlovskaia 1983; Kozlovskaya 2002; Kozlovskaia
et al. 1984). After 24 h of dry immersion, a sharp drop of
approximately 30% in the stiffness of the leg antigravity
muscles (m. soleus) has been reported (Fig. 5) (Grigor’ev
et al. 2004; Grigor’eva and Kozlovskaia 1983; Kozlovs-
kaya 2002; Miller et al. 2004; Vinogradova et al. 2002a). A
decrease in the maximal voluntary force of leg antigravity
muscles (m. triceps surae) was recorded by isokinetic
dynamometry on days 4-5 of dry immersion (Grigor’eva
and Kozlovskaia 1983; Khusnutdinova et al. 2004; Netreba
et al. 2004, 2005). In experiments reported by Koryak
(2002a), the muscle force of m. triceps surae was reduced
by 19% on day 7 of dry immersion. This reduction is
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thought to be a consequence of reduced motor drive and
muscle atonia, because the electrically evoked tetanic for-
ces were not reduced (Koryak 2002a, b). Supporting this
idea, Khristova et al. (1986, 1988), during electromyo-
graphic studies (m. biceps brachii), observed a significant
decline (up to 30%) in the propagation velocity of muscle
potentials for low threshold motor units on day 3 of dry
immersion, which indicated neuromotor impairment of
slow muscle fibers. After 7 days of dry immersion, the
force—velocity properties of leg antigravity muscles had
declined by as much as 30-40% (Grigor’ev et al. 2004;
Kozlovskaya 2002), and the endurance of these muscles
also decreased (Kozlovskaya 2002).

Changes to muscle morphology and functional changes
at the micro-level

After 3—7 days of dry immersion, deep structural changes
in leg antigravity muscles have been recorded. Atrophy of
muscle fibers during dry immersion has been reported by
several authors (Litvinova et al. 2004; Moukhina et al.
2004; Nemirovskaya and Shenkman 2002; Shenkman et al.
1997), predominantly for slow fibers. The atrophy that
occurs during dry immersion is associated with a slight, but
significant, shift of myosin to the fast type (6%) (Grigor’ev
et al. 2004; Shenkman et al. 1997) and a dramatic decrease
in key sarcomeric proteins (a 30% decrease in titin and
nebulin after 7 days of dry immersion (Grigor’ev et al.
2004; Shenkman et al. 2004a, b). More precisely, for m.
vastus lateralis, the decrease in the cross-sectional area of
both slow and fast fibers is 5-9% after 3 days of dry
immersion and 15-18% after 7 days of dry immersion
(Shenkman et al. 2004a). However, most of this reduction
is due to dehydration of the muscle fibers, rather than to
atrophy of the contractile apparatus, which has not devel-
oped to a significant extent after 3—7 days of exposure, as
shown by the simultaneous decrease in the cross-sectional
area and increase in the total protein concentration of the
fibers (Shenkman et al. 2004a). For the most common
durations of dry immersion (3-7 days), muscle atrophy is
barely visible at a clinical level. For the entire lower leg,
Vinogradova et al. (2002b) found only a 1.5-2.5% decrease
in cross-sectional area after 3 days of dry immersion, and
less than 5% after 7 days of dry immersion.

In addition, the sensitivity of muscle fibers to Ca*"
decreases at the level of single skinned muscle fibers,
which might influence muscle contractile characteristics
(Grigor’ev et al. 2004; Shenkman et al. 2004a).

Comparison with head-down bed rest and space flight

The intensity and rate of neuromuscular changes that
occur during dry immersion are much higher than those

| Support withdrawal |

/ Decline of activity of slow muscle unites \

Decline of Atony of Motor control alterations:
extensors force extensors | | Cha’?ges of strategy
\ Decline of accuracy
Structural changes in Decline of Decline of
slow muscle fibers orthostatic proprioreceptor
tolerance activity

Fig. 6 Schema of motor effects of support withdrawal (adapted from
Kozlovskaya 2007)

that occur during head-down bed rest. A decrease in
muscle stiffness is seen immediately with dry immersion,
with a maximal decrease of 40-50% after 6 h, whereas
with head-down bed rest, decreased muscle stiffness can
only be detected after 3—4 days, and reaches a maximal
decrease of 30-40% after 14-30 days (Kozlovskaya
2002; Kozlovskaya and Kirenskaya 1987). The loss in
contractile properties during dry immersion, both at the
system and cellular level, is extremely rapid, reaching
high values after just 5-7 days. For head-down bed rest,
60-90 days are needed to reach a similar level of
impairment (Koryak 2006; Shenkman et al. 2004a). The
main difference between the head-down bed rest and dry
immersion models appears to be the level of removal of
support; therefore deprivation of support might play a
leading role in the genesis of the microgravity-induced
syndromes of muscular deconditioning and hypogravita-
tional ataxia (Gazenko et al. 1987; Grigor’ev et al. 2004;
Kozlovskaia 2008; Kozlovskaya et al. 1988). The motor
effects of withdrawal of support are summarized in
Fig. 6.

The rate, degree, and maximal extent of structural and
functional muscular disorders during dry immersion are
very close to those that occur during space flight (Koz-
lovskaya 2002; Kozlovskaia 2008). In fact, they might be
even more intensive during dry immersion, as shown by
measurements of stiffness and force for m. triceps surae
after 7 days of dry immersion and 7 days of space flight
(stiffness and maximal isometric force had decreased by
25-30% after dry immersion, whereas after space flight
they fell by 15-20%) (Kozlovskaia et al. 1984). The
interpretation of space flight data is complicated by het-
erogeneity in the data collection methodology, lack of
controls (for missions lasting more than 10 days all crew
members must exercise), and interference from any unre-
corded physical activity. After short-term missions
(8-17 days), decreases in the cross-sectional area of the
muscle of 4-10% have been reported for m. gastrocnemius
and of 5-15% for the quadriceps group (Adams et al.
2003).
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Sensorimotor changes: posture and locomotion

Motor control involves the integration of sensation and
movement in order to achieve a certain goal (Bernstein
1947). In microgravity, motor control is complicated by the
deficit and distortion of specific information (for example,
vestibular inputs and support inputs) that is needed to build
motor programs (feed-forward) and control their execution
(feedback). Moreover, it is complicated by a deficit of non-
specific information that is necessary to activate mecha-
nisms of motor control.

Changes in motor control that are induced by dry
immersion include spinal hyperreflexia (Gazenko et al.
1987; Sayenko 2007), suppression of tonic motoneuron
activities and alteration of the pattern of motor neuron
recruitment (Kirenskaia et al. 1985; Kozlovskaya 2002;
Kozlovskaya et al. 1988), sensory and motor ataxia, and
alterations in strategies for movement control (Gazenko
et al. 1987; Grigor’eva and Kozlovskaia 1985; Kirenskaia
et al. 1985). All these changes are reproduced with 3—7 days
of dry immersion (Grigor’ev et al. 2004; Kozlovskaia
2008). Disorders of postural and voluntary motor control
are unvarying consequences of exposure to dry immersion,
and are due to the resetting of neuromuscular control
(Kozlovskaya and Kirenskaya 1987; Sayenko et al. 2005).
The state of the nervous system during dry immersion is
considered by Grigor’ev et al. (2004) and Kornilova et al.
(2004) to be the result of partial deafferentation linked to
the initial withdrawal of support stimulation, which is
complemented by the decrease in muscle proprioceptive
input because of atony and hence unloading of muscle
proprioceptors (Kozlovskaya 2002; Kozlovskaia 2008). It is
assumed that denervation decreases the thresholds for spe-
cific and non-specific stimuli because of a lack of neural
inhibition, which results from a lack of afferentation
(Grigor’ev et al. 2004). Such facilitation (resulting from
functional denervation), which occurs within the first few
hours and becomes more pronounced after 3—7 days of dry
immersion, is seen in the significant hypersensitivity of the
proprioceptive pathways of the spinal cord, as evaluated by
T- and H-reflex parameters (Kozlovskaya 2002; Kozlovs-
kaya et al. 2007a, b; Sayenko 2007).

Sensorimotor changes that occur after dry immersion
include disturbed maintenance of vertical posture and a
decline in the ability to withstand postural perturbations
(Sayenko et al. 2005), disturbances in locomotor activity
(Mel’'nik et al. 2006) and in the coordination and precision
of movement (Grigor’eva and Kozlovskaia 1985; Kirens-
kaia et al. 1985), disturbances in the control of eye
movement, including pursuit function (Kornilova et al.
2004, 2008) and gaze fixation (Kirenskaia et al. 2006;
Kreidich et al. 1982; Tomilovskaya 2007; Tomilovskaya
et al. 2004, 2008).

@ Springer

The proprioceptive stimulation countermeasure

Functional deafferentation with respect to support stimuli
and the effects of compensation for this deafferentation have
been extensively studied in dry immersion experiments. The
“compensator of support unloading” was developed by the
Institute of Biomedical Problems and Zvezda Co., Moscow,
Russia, and consists of pneumatic insoles with inflatable
bladders that impart a pressure of 40 kPa alternately to the
heel and metatarsus. During dry immersion, the daily stim-
ulation protocol is 20 min per hour for 6 h, i.e. 2 h/day. Two
stimulation regimes are applied, which simulate slow
walking (75 steps/min) and fast walking (120 steps/min),
respectively. Several dry immersion experiments over 3 and
7 days have shown that such periodic short-term mechanical
stimulation at a natural rhythm fully eliminates or consid-
erably suppresses all the negative effects of microgravity on
the motor system (Grigor’ev et al. 2004; Khusnutdinova et al.
2004; Kozlovskaya 2002; Kozlovskaya et al. 2007a, b;
Layne and Forth 2008; Mel’nik et al. 2006; Moukhina et al.
2004; Netreba et al. 2004, 2005, 2006; Popov et al. 2003;
Shenkman et al. 2004a, b; Vinogradova et al. 2002a).

The support stimulation countermeasure seems to be
much more effective than electromyostimulation. Analysis
of the state of single fibers of postural muscles after dry
immersion with either support stimulation or electromy-
ostimulation has revealed that electrostimulation does not
prevent muscle fiber degradation, in contrast to support
stimulation (Ogneva et al. 2009).

Bones

Kotov et al. (2003) reported that, after 7 days of dry
immersion, the bone mineral density of the lower part of
the skeleton (proximal epiphysis of the femur) tends to be
approximately 2% lower and that of the upper part (skull,
hand, costal bones) tends to be approximately 2% higher
than the values at baseline. Moreover, 3 weeks of recovery
after dry immersion are sufficient to reverse these changes
in bone density. These alterations are assumed to be a
secondary effect of a cephalad transfer of fluid to the upper
part of the body, upon which the increased hydrostatic
pressure promotes the shift of ions and proteins into bone.
Thus, dry immersion seems to have a similar effect as bed
rest on bone resorption in certain areas of the body. During
bed rest, it has been demonstrated that markers of bone
resorption increase as early as day 2 (Baecker et al. 2003).
The data of Kotov et al. (2003) support a rapid onset of
bone degradation during conditions of immobilization,
such as dry immersion or bed rest.

In general, the state of bone tissue during dry immersion
for 7 days is rather stable (Markin et al. 2008), as detailed
below.



Eur J Appl Physiol

Fig. 7 Relative changes in Hct delta PV
hematocrit (Hct) and calculated
plasma volume (PV) during dry ODI BHDBR ODI OHDBR
immersion (DI) and —6° head- 114 5 100 -
down bed rest (HDBR) after 1 * *
112
and 3 days of exposure, ) '|' © g5
mean + SEM; *p < 0.05 versus £ 110 4 * < *
. : [ [
respective baseline (adapted @ T o
from Gogolev et al. 1980) 2 108 * * Q 90 A
€ T £ *
2 106 T 2 *
y— y— T
2 * 857
°7 104 °
102 80
day 1 day 3 day 1 day 3

Blood calcium

With 7 days of dry immersion, concentrations of total and
ionized calcium in the blood do not change (Kopp 2008;
Markin et al. 2008). With 56 days of dry immersion, blood
Ca”" increases slightly during the second week. This
increase persists until the end of the experimental period,
which might indicate calcium loss from the bones (Leach
Huntoon et al. 1998).

Urinary calcium

Urinary excretion of calcium increases significantly on the
first day of a 7-day period of dry immersion, which might
be explained by acutely increased diuresis, and returns to
the basal level on day 2, after which there is only a ten-
dency for it to increase until the end of the experimental
period (Kopp 2008; personal data).

Bone formation markers

Processes involved in bone formation are not affected by
dry immersion for 7 days, as shown by the lack of
changes in alkaline phosphatase (Markin et al. 2008),
PINP (serum procollagen aminoterminal propeptide),
and BAP (serum bone-specific alkaline phosphatase)
(Kopp 2008).

Bone resorption markers

Markers of bone tissue resorption, such as TRAP (serum
tartrate-resistant acid phosphatase) and CTX (urinary
carboxyterminal cross-linked telopeptide of type I colla-
gen) increased slightly during dry immersion for 7 days
(Kopp 2008). This might indicate that mechanical
unloading of bones leads to the activation of osteoclastic
processes. However, Markin et al. (2008) did not find any
changes in the activity of total acid phosphatase during the
7 days of dry immersion.

Water—electrolyte balance
Plasma volume and fluid compartments

Following an initial decrease (approximately —15% within
the first day of dry immersion) (Leach Huntoon et al.
1998), plasma volume remains stable thereafter (Gogolev
et al. 1980; Larina et al. 2008; Navasiolava et al. 2010b;
Nesterovskaia et al. 2008; Pakharukova et al. 2009a).
During head-down bed rest, plasma volume decreases by
approximately 10%, and this also occurs mainly within the
first 24 h (Greenleaf et al. 1977; Pavy-Le Traon et al. 2007)
(Fig. 7). Surprisingly, protein concentrations in the plasma
do not increase during dry immersion despite the reduction
in plasma volume (Chaika and Balakhovskii 1982; Nava-
siolava et al., submitted EJAP), and they might even
decrease (Gogolev et al. 1980). This might be explained by
the partial transfer of plasma proteins to the interstitial fluid
due to an increased transcapillary escape rate and
decreased lymphatic return. During immersion, when there
is hydrostatic counterpressure of superficial tissues and
continuous transcapillary “autotransfusion” (Krasney
1996), there is a greater loss of interstitial fluid. The
redistribution of proteins from the plasma to the interstitial
fluid increases the oncotic pressure of the interstitial fluid
and prevents further tissue dehydration (Gogolev et al.
1980). Similar findings have been observed in head-down
bed rest studies (Greenleaf et al. 1977).

The maximal renal losses of fluid and sodium occur on
the first day of dry immersion (Leach Huntoon et al. 1998;
Iunusov et al. 1985; Shulzhenko et al. 1980). Then a new
steady state for water—sodium homeostasis is established
that involves increased excretion of water and a stable
decreased partial water balance, while sodium excretion
returns to the pre-immersion level (Leach Huntoon et al.
1998; Navasiolava et al., submitted EJAP) (Fig. 8). During
head-down bed rest, in contrast to dry immersion, no
pronounced natriuresis occurs at the onset (Millet et al.
2001) (Fig. 8). It is important to mention that extrarenal
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Fig. 8 Partial water balance and urinary sodium before, during, and after 7 days of dry immersion (Navasiolava et al., submitted EJAP) and
7 days of head-down bed rest (HDBR), mean 4+ SEM (adapted from Millet et al. 2001); *p < 0.05 versus baseline

water loss has a significant impact on water balance during
immersion. It has never been measured during dry
immersion, but in the case of suit immersion for 3 days, it
has been shown that this extrarenal loss can account for
25-75% of total water loss (Lakota and Larina 2002;
Larina and Lakota 2000).

Volume-regulating hormones

Vasopressin The immediate suppression of vasopressin
in normally hydrated subjects with the onset of immersion
has been reported by many authors (Somody et al. 1999;
Epstein 1996; Larina et al. 1999). During dry immersion,
the vasopressin level drops in the first 1.5 h (0.8 + 0.2 pg/
ml vs. 2.3 4 0.6 at baseline), then recovers to the baseline
level by 5 h, and remains close to the baseline after 24 h
(Sukhanov 1985). At days 6 and 7 the vasopressin level
remains unchanged, and at R + 1 (first recovery day) it is
increased significantly (8.6 £ 1.2 pg/ml at R 4+ 1 vs.
2.4 £ 0.7 at day 7) (Sukhanov 1985).

Renin—angiotensin—aldosterone system The immediate
response to immersion is a suppression of plasma renin
activity and plasma aldosterone (Epstein 1996; Iunusov
et al. 1985; Sukhanov 1985). With respect to the plasma
renin chronic response, neither we (Navasiolava et al.,
submitted EJAP) nor Sukhanov (1985) found any signifi-
cant change on day 3, 6, or 7 of the 7 days of dry
immersion, but Shulzhenko et al. (1980) found a small but
significant increase on day 7 and R + 2 (second recovery
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day). Plasma aldosterone is unchanged during 7 days of
dry immersion (Iunusov et al. 1985; Shulzhenko et al.
1980; Sukhanov 1985; Navasiolava et al., submitted EJAP)
but is significantly increased at R + 1 (Sukhanov 1985).

Natriuretic peptides Upon immersion, an immediate
increase in atrial natriuretic peptide has been identified
(Epstein et al. 1989). The only study to date of natriuretic
peptides during chronic dry immersion analyzed N-Ter-
minal proB-type natriuretic peptide (NT-proBNP), whose
levels tended to decrease. During recovery, NT-proBNP
increased significantly, which might be related to the
increase in cardiac work during normal daily activity after
immersion, induced by increased cardiac wall stress and
increased heart rate (Navasiolava et al., submitted EJAP).

Cortisol During dry immersion for 7 days, urinary free
cortisol increased significantly only on the first day and not
subsequently, which probably reflects the emotional stress
experienced at the beginning of immersion (Navasiolava
et al., submitted EJAP).

Cardiovascular system

Cardiovascular deconditioning syndrome

Cardiovascular deconditioning is a state in which the car-
diovascular system does not respond efficiently to chal-

lenge. It is characterized by a predisposition to orthostatic
intolerance, reduced capability for exercise, and
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Table 2 Summary of published data on tolerance to acceleration after dry immersion

Reference Duration ~ Number of  Test Result
of dry subjects
immersion (men)
(days)
Vil-Viliams et al. (2001) 3 NA +3Gz acceleration Time of tolerance reduced by 21%
Vil’-Viliams and Shul’zhenko (1978), 3 10 +3Gz acceleration for 300 s Time of tolerance reduced to 249 s; test
Shulzhenko and Vil-Vilyams (1975) maximum, rate of increase stopped because of altered vision (grey
0.2 G/s veil) in 50% of subjects
Kokova (1984) 7 6 Centrifugation with a slow Acceleration tolerance was decreased
onset, from 4.8 to 3.6 G, or by 24%
rate of increase 0.003 G/s
Vil-Viliams et al. (2001) 4 +3Gz acceleration Time of tolerance reduced by 56%
Vil’-Vil’iams and Shul’zhenko (1980) 7 4 +3Gz acceleration for 300 s Time of tolerance reduced by 65% (test
maximum stopped because of altered vision or
decrease of blood pressure in the ear
lobe vessels <40 mmHg)

Vil-Viliams et al. (1996) 7 4 +4Gz for 10 s In 50% of cases, marked vegetative
vascular reactions seen as skin pallor
and hyperhidrosis (did not occur in
preimmersional test)

Vil’-Viliams and Shul’zhenko (1978), 13 6 +3Gz acceleration for 300 s Time of tolerance reduced to 226 s; test

Shulzhenko and Vil-Vilyams (1975)

maximum, rate of increase
0.2 G/s

stopped because of altered vision (grey
veil) in 50% of subjects

NA data not available

tachycardia (Coupe et al. 2009). The negative effects of
cardiovascular deconditioning mainly become evident
upon the “return” to conditions of gravity during active or
passive standing, centrifugation or application of lower
body negative pressure (LBNP), or physical exercise.

Orthostatic tolerance

Even short-term dry immersion (for 7 h) decreases ortho-
static tolerance, and as the period of immersion is pro-
longed, the number of intolerant subjects increases. Thus,
after dry immersion for 24 h, approximately one-eighth of
healthy subjects are intolerant on R + 1 (Eshmanova 2009;
Vinogradova et al. 2002a). After 1.5-3 days of dry
immersion, the figure is approximately one-sixth (Iwase
et al. 2000; Shul’zhenko et al. 1984), and after 7 days of
dry immersion, approximately one-third of the subjects are
intolerant (Eshmanova 2009; Iarullin et al. 1987). An
increase in heart rate on orthostasis after dry immersion
was shown by all the studies cited above. Table 1 gives
details of data in the literature on the orthostatic response
after dry immersion for different durations, taking into
account the type of antiorthostatic test used. To imitate the
return to Earth after a space mission, 4Gz acceleration has
been widely used. The published data on tolerance to
centrifugation after dry immersion for different durations
are summarized in Table 2. In general, in the absence of
countermeasures, after 3 days of dry immersion, tolerance
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to +3G acceleration is reduced by approximately 20%, and
after 7 days by 50-60% (Vil-Viliams et al. 2001). Iarullin
et al. (1987), who studied the same six subjects during
7 days of dry immersion and 7 days of head-down bed rest,
found that cardiovascular deconditioning (as estimated by
orthostatic tolerance to the tilt test) occurred to the same
extent under both conditions, despite more profound
hemodynamic changes after dry immersion.

Exercise capacity (and maximal oxygen consumption)

o

Maximal oxygen consumption (VO, max), which is the
maximal capacity to transport and use oxygen during
incremental exercise, is an indicator of physical fitness. To

o

estimate VO, max, graded exercise tests (treadmill or cycle
ergometer) with maximal or submaximal loading are used.
Other parameters that characterize exercise capability, and
which are analyzed during dry immersion, are cardiac load
index [(working heart rate — resting heart rate)/working
heart rate], oxygen pulse (oxygen consumption per beat,

ml/beat), VO, peak, oxygen ventilatory equivalent

(VE/ VO,), stroke volume, delta heart rate, and total
workload. The published data on exercise capacity after
dry immersion for different durations are summarized in
Table 3. A decline in the adaptive ability to exercise has
been observed after dry immersion for just 1 day (Beliaev
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Table 3 Summary of published data on exercise capacity after dry immersion

Reference Duration of dry Number of

Test type Results

immersion subjects (men)
Beliaev (1981) 24 h 8 Cycle ergometer, Increased heart rate (11.4%) and cardiac load
submaximal load index (14%), and decreased oxygen pulse
(16.3%) and systolic volume (5.8%),
suggesting a decline in the adaptive ability
to exercise after just 1 day of dry
immersion
Shul’zhenko et al. (1983a) 3 days 7 Cycle ergometer, 13-18% decrease in VO,
submaximal load
15 min
Stoida and Vinogradova (1996), 3 days 6 Test-108 (graded Increased heart rate (178 bpm during

Vinogradova et al. (2002b)

Sonkin et al. (1996) 4 and 7 days 5

Anashkin and Beliaev (1982) 7 days 6

walking and jogging)  exercise before dry immersion vs. 191 bpm
after dry immersion) and increased oxygen

ventilatory equivalent (29.3 before vs. 33.5

after); VO, did not change; i.e. the heart
and the respiratory system worked more
intensively

Two-load cycle

ergometer
test up to exhaustion

Tendency for heart rate to increase and VO,
to decrease, and significant decrease in lung
ventilation, suggesting increased
physiological cost of exercise

8.7% decrease in total volume of work (from
13,450 to 12,283 kg m) and 11.4%

Cycle ergometer,
maximal load

decrease in VO,max

1981). With 3—7 days of dry immersion, the metabolic cost

of exercise increases, and VO, max decreases by 10-18%
(Anashkin and Beliaev 1982; Shul’zhenko et al. 1983a;
Sonkin et al. 1996; Stoida and Vinogradova 1996; Vinog-
radova et al. 2002b). A comparable decrease in exercise
capacity is observed after head-down bed rest and space

flight. During bed rest, the value of VO, peak decreases
rapidly the first 3—6 days, and then declines more gradu-
ally, being reduced by approximately 22% after 30 days of
bed rest (Fortney et al. 1996). After 2 weeks of space flight,
the intensity of submaximal upright exercise at a given
heart rate decreases by approximately 20% (Watenpaugh
and Hargens 1996).

Resting heart rate and blood pressure

After the onset of dry immersion, acute changes in heart
rate and blood pressure are not always significant when
compared with the supine baseline values (Fig. 3). Fur-
thermore, most authors have not found significant changes
in resting heart rate (Fig. 9) or resting blood pressure at the
end of 3-7 days of dry immersion (Bravyi et al. 2008;
Eshmanova 2009; Iwase et al. 2000; Mikhailov et al. 1995;
Navasiolava et al. 2010a, b; Vil’-Viliams and Shul’zhenko
1978). Some authors found a 15-20% increase in diastolic

pressure after 7 days (Vil’-Vil’iams and Shul’zhenko
1980) and 10 days (Panferova 1976) of immersion. Simi-
larly, during head-down bed rest, resting blood pressure
does not vary significantly. An increase, decrease or no
change have all been reported (Fortney et al. 1996; Pavy-
Le Traon et al. 2007). Resting heart rate does not change or
increases slightly, depending on the duration of the bed rest
(Pavy-Le Traon et al. 2007; Traon et al. 1995). During
space flight, systematic 24-h recording of heart rate and
blood pressure for 5-10 days has shown a 7% decrease in
resting heart rate, a significant decrease in diastolic pres-
sure, and a tendency for systolic pressure to diminish
(Fritsch-Yelle et al. 1996).

Cardiac morphology and functions

To our knowledge, the cardiology studies performed so far
during dry immersion have focused on the regulation of
cardiac function and on electrophysiological parameters
(Eshmanova 2009; Eshmanova et al. 2009; Kabulova and
Eshmanova 2008). The amount of directly acquired data on
cardiac characteristics, such as size, morphology, mass,
and contractility, during dry immersion remains insuffi-
cient. We only know of one such study, with dry immer-
sion for 3 days, which revealed a slight diminution in the
diameter of the left atrium, and an increase in the diameter
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of the left ventricle of 18% on day 1, and of 11% on days 2
and 3 (Atkov and Bednenko 1992). As a consequence, we
could postulate that dry immersion induces changes similar
to those that occur during head-down bed rest or space
flight. During head-down bed rest and space flight, the size
of the heart is known to decrease, due to hypovolemia and
ventricular remodeling/cardiac atrophy (Leach Huntoon
et al. 1998; Pavy-Le Traon et al. 2007). During dry
immersion, there is an initial large increase in stroke vol-
ume and cardiac output, which lasts for the first few min-
utes and is followed by a significant 16-30% decline by
days 2-3 (Atkov and Bednenko 1992; Fomin et al. 1985;
Tarullin et al. 1987; Shulzhenko et al. 1980). There is a
tendency for stroke volume to recover by day 7 (Fomin
et al. 1985; Shulzhenko et al. 1980), although it can still
remain decreased by 12—-14% (larullin et al. 1987; Vil’-
Vil’iams and Shul’zhenko 1980) (Fig. 9). Similarly, during
space flight and head-down bed rest, stroke volume initially
increases and then decreases as the circulating blood vol-
ume is reduced (Prisk 2000). Eshmanova et al. (2009)
applied dispersion electrocardiogram (ECG) mapping (the
method described for example by Sula et al. 2007 and
Cruz-Gonzalez et al. 2009), which is based on the analysis
of natural small oscillations in the amplitude of the PQRST
complex with calculation of the “myocardial” index
(integral index of all microalternations). These authors
showed that dry immersion causes a sequence of electro-
physiological shifts, first in the ventricles and then in the
left atrium. Some deterioration of myocardial electro-
physiological properties occurs from the first day of dry
immersion.

Cardiac problems

No systematic disturbances of cardiac rhythm have been
observed during dry immersion. However, some individual
cases have been mentioned. For example, one subject
developed paroxysmal tachycardia after 23 h of dry
immersion (Vil’-Viliams and Shul’zhenko 1978). As for
the response to gravitational load, Vil’-Viliams and
Shul’zhenko (1978) reported that the number of extrasy-
stolic arrhythmias provoked by +3Gz acceleration after 3
or 13 days of dry immersion was 4-6 times greater, and
that more severe arrhythmias—repetitive premature ven-
tricular beats—developed, than in controls. Similarly,
during space flight and bed rest no systematic increase in
the risk of arrhythmias was observed. No clinically relevant
ECG changes have been reported (Pavy-Le Traon et al.
2007; Watenpaugh and Hargens 1996). Nevertheless, dur-
ing extra-vehicular activity in open space, on the surface of
the moon and during functional testing, the number of
arrhythmias increases (Egorov 1996). With long-term
space flight, changes in the conduction system of the heart
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are suspected that might possibly provoke arrhythmias
(Mikhailov et al. 2001). The question of a possible cardiac
risk in very long-term space flight remains unanswered
(Navasiolava and Custaud 2009).

Vascular morphology and function
Arterial level

With 7 days of dry immersion, Iarullin et al. (1987) sus-
pected, after indirect measurement, that the vascular mus-
cle tone of large and medium diameter arteries had
decreased. However, direct analysis of the vascular wall
with ultrasound has not yet been performed for dry
immersion. Linear blood velocity in the arteries of the head
and lower extremities was slowed down during dry
immersion for 7 days (days 2 and 5 of dry immersion) with
recovery on R + 2 (Moreva 2008). This decrease in blood
velocity is probably the result of the overall lowering of
cardiovascular stimulation due to physical inactivity and
muscle atonia.

Microcirculatory level

Total peripheral resistance is an integrative characteristic of
the overall resistance of the peripheral vasculature in the
systemic circulation. During most head-down bed rest
studies, total peripheral resistance is unchanged (Arbeille
et al. 1999; Shoemaker et al. 1998) or increased (Pavy-Le
Traon et al. 2007). After 9-14 days of space flight, total
peripheral resistance did not change relative to that of a
supine control on the ground (Buckey et al. 1996b). How-
ever, most studies have reported an increase in total
peripheral resistance during dry immersion (Fomin et al.
1985; Shulzhenko et al. 1980; Vil’-Vil’iams and Shul’z-
henko 1980). With respect to regional circulation, increased
resistance with decreased blood flow at the level of the calf
was observed at the end of 7 days of dry immersion (Iarullin
et al. 1987). Stoida and Vinogradova (1996), Stoida et al.
(1998), and Vinogradova et al. (2002b) observed a dimi-
nution in the blood supply to working muscles after 3 or
7 days of dry immersion. After 7 days of dry immersion,
the maximal blood flow at the level of the calf (as registered
with plethysmography) was diminished slightly (by 7%).
The authors surmised that the probable reasons are struc-
tural changes in the vascular bed that lead to a decrease in
perfusion capacity. Endothelial functions are impaired by
dry immersion and might contribute to changes in perfu-
sion. Seven days of dry immersion induced endothelial
dysfunction with reduced endothelium-dependent vasodi-
lation at the skin level and an increase in circulating
endothelial microparticles. Furthermore, plasmatic vascular
endothelial growth factor decreased significantly during dry
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Fig. 9 Variations in cardiovascular parameters during 7 days of dry
immersion: heart rate (HR), stroke volume (SV), cardiac output (CO),
total peripheral resistance (TPR), mean £+ SEM; *p < 0.05 (adapted
from Shulzhenko et al. 1980)

immersion whereas soluble E-selectin was unchanged,
which indicated a decrease in antiapoptotic tone rather than
endothelial activation (Navasiolava et al. 2010a).

Venous level

Venous properties during space flight have been studied
since the beginning of the space era. Increased leg venous
compliance with increased pooling of blood in the lower
body during standing is thought to be one of the reasons for
orthostatic intolerance. Acute immersion immediately
reduces venous tone; this reduction is maintained for at
least 1 h after 3 h of immersion (Greenleaf 1984).
Increased calf venous compliance after dry immersion is
well documented (Gogolev et al. 1980; Grigor’ev et al.
2004; Popov et al. 2003; Vinogradova et al. 2002a). A 7%
increase in calf venous compliance was observed by
Vinogradova et al. (2002a) as early as after the first 7 h of
dry immersion. Gogolev et al. (1980) observed increased
compliance of leg tissues in response to venous occlusion
with the thigh cuff up to 50 mmHg (pressure normally
observed in the calf muscle when standing quietly) on day
1 and, to a lesser extent, on day 3 of dry immersion,
whereas head-down bed rest did not cause any change in

these parameters. A similar increase in leg volume in
response to occlusion was observed by Thornton during
space flight and was explained by hypohydration in the
lower body (Gogolev et al. 1980; Nicogossian et al. 1993).

Autonomic regulation of cardiovascular functions

The effects of actual and simulated microgravity on the
autonomic neural system have been studied extensively,
because sympathetic neural control is extremely important
for the maintenance of blood pressure homeostasis against
gravity (Mano 2005). The first 12 h of dry immersion
induces a decrease in sympathetic and an increase in
parasympathetic modulation (Eshmanova 2009). With
prolonged dry immersion the response is reversed.

At rest

After 3 days of dry immersion, an alteration of the auto-
nomic balance towards the sympathetic dominant state was
reported by Miwa et al. (1997) from a study of variability
of heart rate and blood pressure, and by Iwase et al. (2000)
from a study of muscle sympathetic nerve activity. Similar
findings were also reported with 7 days of dry immersion
by Eshmanova et al. (2008) from a study of heart rate
variability. In the studies of Miwa et al. and Iwase et al.,
the testing was performed after the end of dry immersion,
with the subject out of the water tank in a supine position
on the tilt bed. Eshmanova recorded the data both during
dry immersion at days 2, 4 and 6, and after dry immersion
at R + 2, during supine stand-test measurements. During
dry immersion, there was a tendency for the stress index
[which characterizes the activity of sympathetic regulation
and load of regulatory systems (Baevsky 1979)] to increase
and for pNNS50 (percentage of adjacent cardiac cycles
differing by more than 50 ms, which characterizes the
vagal modulation of heart rate) to decrease at days 4 and 6.
The concentration of epinephrine and its metabolites in the
blood and urine increases during 7 days of dry immersion,
whereas the levels of norepinephrine and its metabolites
diminish, which suggests that hormonal activity increases
and the transmitter activity of the sympathetic system
decreases during dry immersion (Davydova et al. 1981).
During the post-dry immersion recovery period, the level
of catecholamines and their metabolites in the blood
(Davydova et al. 1981) and urine (Davydova et al. 1981;
Navasiolava et al. 2010b) increases, and is normalized by
R + 5 (Davydova et al. 1981).

In response to tilt/stand

Muscle sympathetic nerve activity in response to tilt is
unchanged after 3 days of dry immersion, although
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increased tachycardia is observed in response to tilt (Iwase
et al. 2000). Blood pressure variability in response to tilt is
unchanged after 3 days of dry immersion. However, for
heart rate variability, the decrease in HF (high frequency
band of the spectrum; an indicator of cardiac vagal mod-
ulation) and the increase in LF/HF (the ratio of low-to-high
frequency spectral power; an indicator of sympatho-vagal
balance) are more pronounced than at baseline (Miwa et al.
1997). Similarly, after 7 days of dry immersion, increased
activation of the sympathetic nervous system in response to
standing is observed, as shown by an increase in the stress
index (Eshmanova et al. 2008).

Altogether, most of these data suggest that dry immer-
sion induces increased activation of the sympathetic
nervous system.

For head-down bed rest, an increase in resting sympa-
thetic modulation was also observed during (day 6) and
after 7 days of bed rest in a study of heart rate variability
(Baevsky et al. 2004). In addition, an increase in resting
muscle sympathetic nerve activity was observed after 6
(Kamiya et al. 2000a), 14 (Kamiya et al. 2000b) and
120 days of head-down bed rest (Kamiya et al. 2000c).
However, for blood and urinary catecholamines, the data
are contradictory. During 42 days of head-down bed rest,
urinary catecholamines decreased (Sigaudo et al. 1998).
Nevertheless, it was recently reported that plasma cate-
cholamines increased during 20 days of head-down bed
rest (Kanikowska et al. 2008).

With respect to space flight, during the first 5-10 days,
sympathetic modulation is lowered as suggested by
reductions in in-flight awake heart rate and diastolic pres-
sure (Fritsch-Yelle et al. 1996), but with prolonged expo-
sure to microgravity, sympathetic neural traffic seems to
increase. This increase is implied by an increase in nor-
adrenalin spillover and clearance (Ertl et al. 2002), and
unchanged or even increased muscle sympathetic nerve
activity during and after flight (Cox et al. 2002; Ertl et al.
2002; Fu et al. 2002; Levine et al. 2002). The results of
assessment of heart rate variability (Cooke et al. 2000)
suggest that cardiac vagal modulation is reduced by pro-
longed space flight. Interestingly, spectral analysis of heart
rate variability after a long-term flight suggested higher
parasympathetic modulation of the RR interval in the
supine position in non-finishers, who failed to remain in
the standing position during the orthostatic test, and the
predominance of sympathetic modulation in finishers
(Sigaudo-Roussel et al. 2002).

Proteins, lipids and carbohydrate metabolism

Models of microgravity are very useful for understanding
the effects of physical inactivity on metabolism. Compared
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to bed rest, very few studies devoted to metabolic changes
have been undertaken during dry immersion.

Weight changes

After 3 days of dry immersion, weight loss of approxi-
mately 1 kg (1.3%) has been reported (Iwase et al. 2000).
Larina et al. (2008) have reported a weight decrease of
appproximately 2 kg, or 3%, by the end of a 7-day period
of dry immersion. Dry immersion always induces weight
loss, mainly due to increased fluid loss, and also through
decreased fluid intake due to diminished thirst (Grigor’ev
and Shul’zhenko 1979). With 56 days of dry immersion, a
decrease in caloric intake was observed (the subjects had
an ad libitum diet) (Kovalenko and Gurovsky 1980).

Energy expenditure

In addition to total energy expenditure, even the basal
metabolic rate decreases during prolonged immersion (as
shown for 56 days of dry immersion), as well as during
prolonged bed rest (Kovalenko and Gurovsky 1980).

Lipid profile

During 7 days of dry immersion (18 men with borderline
arterial hypertension), Kirichenko et al. (1985) reported a
significant increase in general blood lipids and nonesteri-
fied fatty acids on day 3, followed by recovery on R + 2.
More recently, Markin et al. (2008) also found a tendency
for the concentrations of total plasma cholesterol and low
density lipoprotein to increase, and an increase in triglyc-
erides, although within normal limits. Pakharukova et al.
(2009a), in a serum proteome study, reported an increase in
apolipoproteins C1 and C3 on day 7 of dry immersion,
which suggested complex changes in lipid metabolism.

Glucose metabolism

Blood glucose did not change significantly during 7 days of
dry immersion (Markin et al. 2008). However, blood
insulin was significantly increased on R + 2 after dry
immersion for 7 days (Afonin and Sedova 2009). This
favors the hypothesis that insulin resistance develops dur-
ing dry immersion, similar to that observed during head-
down bed rest (Blanc et al. 2000).

Blood and immune systems
In general, real and simulated microgravity causes a

decrease in the mass of red blood cells, as well as changes
in the physical properties of red blood cells.
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Red blood cells

Hemoconcentration during dry immersion is reflected by
an increase in the levels of erythrocytes (Kozinets et al.
1983; Navasiolava et al. 2010a), hemoglobin (Kozinets
et al. 1983; Larina et al. 2008; Navasiolava et al. 2010a)
and hematocrit (Fomin 1981; Gogolev et al. 1980; Iarullin
et al. 1987; Larina et al. 2008; Navasiolava et al. 2010a;
Pakharukova et al. 2009a) (Fig. 7), although all these
values remain within physiological limits. Dry immersion
induces only slight changes in the form and function of
red blood cells. Over the course of time, a small change in
the morphology of erythrocytes occurs (Ivanova et al.
2009; Kozinets et al. 1983). With dry immersion for
7 days, Ivanova et al. observed a trend towards changes in
red blood cell morphology (microcytosis), and a decrease
in erythropoiesis (as evidenced by an increase in serum
iron and a tendency for erythropoietin to decrease on day
7). On day 7, oxygen binding in venous blood tended to
decrease, oxygen release declined significantly, and the
HbO,/Hb ratio increased significantly. These changes
might promote hypoxia at the cellular level (Ivanova et al.
2009).

Coagulation system and viscosity

No cases of thrombosis have been reported during dry
immersion experiments, although hemoconcentration, the
redistribution of body fluids, hypodynamia, and possible
endothelial impairment might increase the risk of throm-
bosis. Similarly, no evidence of thrombosis was observed
in subjects who underwent bed rest, although it can clini-
cally be expected in bedridden patients (Adams et al. 2003;
Fortney et al. 1996). An increase in the viscosity of the
blood was observed after just 24 h of dry immersion, with a
further increase by day 7 (Ivanov et al. 1983). Seven days
of dry immersion induced a significant increase in the
number of platelets and hypercoagulopathic changes to
platelet hemostasis (Kirichenko et al. 1985, 1988), a
change in hemostatic factors (Kirichenko et al. 1988), and
moderate fibrinogenemia (Fomin 1981).

Immune system

Both short-term and long-term space flights modify innate
immunity, which presumably reflects an acute response to
the stress of landing. Prolonged flights induce a remark-
able depression in immunological function, affecting both
innate and adaptive immunity (Rykova et al. 2008). For
dry immersion protocols, on the whole, the relatively short
duration of dry immersion (mostly 7 days) seems insuffi-
cient to cause significant alterations in the immune
system.

Surface barriers

Exposure to dry immersion influences the commensal
microflora. Significant dysbacteriosis and changes in
mouth—throat and intestinal flora were observed after
7 days of dry immersion, which is natural for long-term
isolation in a confined habitat (I’in et al. 2008a, Ilyin et al.
2008b). A decrease in gut lactoflora after dry immersion for
7 days was observed in 9 out of 10 subjects (II’in et al.
2008a). A study of cutaneous and nasal microflora revealed
an increase in staphylococci, gram-negative bacilli, and
yeasts, which confirms the increased risk of inflammatory
diseases (Il’in et al. 2008a).

Peripheral leukocytes in general: distribution and function

Seven days of dry immersion either do not change the
number of leukocytes (Kozinets et al. 1983; Navasiolava
et al. 2010a), or increase it (Berendeeva et al. (2009) found
a 40% increase). The leukocyte differential count remains
unchanged (Berendeeva et al. 2009; Kozinets et al. 1983).
In general, leukocyte functions appear unaltered by 7 days
of dry immersion (Kozinets et al. 1983).

Innate immunity

Complement system Proteome studies have revealed that
the complement fragment C4a increases during dry
immersion for 7 days (Pakharukova et al. 2009b; Pas-
tushkova et al. 2010).

Cytokines Dry immersion might induce changes in the
functioning of the cytokine network, as shown by an
increase in the production of proinflammatory cytokines by
mononuclear cells in response to in vitro lipopolysaccha-
ride stimulation after dry immersion for 7 days (Berendeeva
et al. 2009).

Natural killer cells and phagocytes No change in the
number of natural killer cells (Berendeeva et al. 2009) or in
the cytochemistry of granulocytes was found during 7 days
of dry immersion (Kozinets et al. 1983).

Adaptive immunity

Lymphocytes Berendeeva et al. 2009 found that the
populations of T and B cells increased at day 7 of dry
immersion, with recovery at R + 7. However, decreased
expression of the early activation marker was reported in
response to pokeweed mitogen, which might indicate the
functional impairment of the cell-mediated immune
response after 7 days of dry immersion (Berendeeva et al.
2009).
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Immunoglobulins No significant changes in serum IgA,
IgM, and IgG were found (Berendeeva et al. 2009).

Other functions
Respiration

Some studies have focused on the respiratory system dur-
ing dry immersion (Genin and Galichii 1995; Golovkina
1982; Kamenskii et al. 1976; Tikhonov et al. 1983). In
these studies, only minor changes were found. No increase
in the number of non-ventilated alveoli nor any develop-
ment of atelectasis or edema of the lungs was detected
during dry immersion (Atkov and Bednenko 1992). The
pressure of the water on the abdominal and thoracic areas
creates additional, though not significant, respiratory load.
The intrapulmonary pressure remains equal to atmospheric
pressure, whereas the external pressure on the thorax
increases in proportion to the depth of immersion, which
practically replicates respiration under negative pressure
[which also favors a headward fluid shift (Tikhonov et al.
1983; Park et al. 1999)]. The moderate changes observed
are concerned with decreases in respiratory volume, vital
lung capacity, maximal pulmonary ventilation, and
breathing retention time during inhalation and expiration,
which occur during the acute period (the first 1-3 days, and
especially the first few hours) of adaptation to dry
immersion (Golovkina 1982; Kamenskii et al. 1976). It is
worth reiterating here that during the initial period of dry
immersion the subjects experience muscle discomfort
(backache, lumbar and chest pain), which is aggravated by
deep respiration, and especially by attempts at maximal
ventilation. As a consequence, the subjects naturally limit
the depth and intensity of their respiration, which could
affect the measured indices (Kamenskii et al. 1976). By
day 5 of dry immersion, most of the respiratory indices are
restored; however, the functional capabilities of external
respiration (response to functional tests) remain signifi-
cantly diminished, as shown with dry immersion for
13 days (Kamenskii et al. 1976).

Thermoregulation

The question of thermoregulation is important for space
flight. With respect to thermoregulation, heat is lost
through convection (which under normal conditions
accounts for 15-30% of total heat loss), conduction
(2-5%), radiation (45-55%), and evaporation (20-25%).
Convective heat transfer is possible due to gravity (as
warmed air becomes lighter and rises, it makes way for
cooler air, which can be warmed in turn); therefore, it is
impaired under microgravity (Gunga et al. 2009). Evapo-
ration by perspiration has not been studied sufficiently

@ Springer

during space flight; nevertheless, it is assumed that the
formation of a film of sweat that covers the entire body
might inhibit further perspiration (Larina and Lakota
2000). Actual and simulated microgravity seem to decrease
heat conduction from the core to the periphery by inhibit-
ing peripheral vasodilation. This has been shown by the
acceleration of the rate of increase and the final core
temperature during exercise after 6 h of thermoneutral
“wet” immersion, as well as after prolonged head-down
bed rest and space flight (Greenleaf 1997). Theoretically,
dry immersion conditions could diminish convection,
conductive heat loss would depend on water temperature,
radiation would be unchanged, and evaporation would be
disrupted by the use of plastic film. Surprisingly, very few
dry immersion studies on thermoregulation have been
performed. However, one study on suit immersion has
shown that mean skin temperature and foot temperature
falls, whereas rectal temperature does not change; thus,
“core-to-shell” and “chest-to-foot” temperature gradients
increase (Lakota and Larina 2002). Moreover, under suit
immersion, the heat is redistributed headwards (similar to
body fluids) and this transfer occurs ten times faster than
under head-down bed rest (Lakota and Larina 2002).

Dry immersion: applications
Fundamental context

Gravity is a universal and omnipresent force; it has fash-
ioned organisms throughout millions of years of evolution.
The experience of space flight has revealed the crucial role
of gravity with respect to health. Daily gravitational stim-
ulation appears to be necessary to maintain good health and
fitness, as well as the body’s adaptation to gravity. Dry
immersion, by diminishing the effects of gravity, provides
an approach for studying the influence of gravity under
normal conditions (how we adapt to gravity), and in
pathology.

Space context: test of countermeasures

The dry immersion model improves our understanding of
the mechanisms of microgravity-induced changes and
allows countermeasures and combinations of such mea-
sures to be developed and tested in order to prevent
deconditioning in astronauts after their return to Earth. The
following have all been tested using dry immersion as a
model of microgravity: periodic acceleration (Clement and
Pavy-Le Traon 2004; Grigor’ev and Shul’zhenko 1979;
Shulzhenko et al. 1977; Vil-Viliams 1994; Vil’-Vil’iams
and Shul’zhenko 1980), the antigravity suit (Shul’zhenko
et al. 1983b; Vil-Viliams et al. 1996), cycle ergometer
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training (Vil-Viliams 1994; Vil’-Vil’iams and Shul’zhenko
1980), electromyostimulation (Eshmanova 2009; Eshma-
nova et al. 2008, 2009; Koryak et al. 2008; Kozlovskaia
2008; Ogneva et al. 2009), water—salt supplements
(Kokova 1984; Shulzhenko et al. 1977), the use of thigh cuffs
and the simultaneous use of thigh and forearm cuffs (Atkov
and Bednenko 1992), the compensator of support unloading
by mechanic stimulation of foot support zones (Grigor’ev
et al. 2004; Khusnutdinova et al. 2004; Kozlovskaya
2002; Kozlovskaya et al. 2007a, b; Kornilova et al. 2004;
Layne and Forth 2008; Mel’nik et al. 2006; Moukhina et al.
2004; Netreba et al. 2005, 2006; Popov et al. 2003;
Shenkman et al. 2004a, b; Vinogradova et al. 2002a),
and pharmacological remedies [the stimulant sydnocarb,
N-phenylcarbamoyl-3-(beta-phenylisopropyl)sydnonimine
(Anashkin and Beliaev 1982), amlodipine (sarcolemmal
L-Ca®* channel blocker; Eshmanova et al. 2008), peroral
dry lactobacterin, topical collagen-immobilized lactobac-
terin (Kriukov et al. 2007; II’in et al. 2008a), and probiotics
based on lactobacilli auto-strains for dysbacteriosis pro-
phylaxis (Ilyin et al. 2008b)].

Dry immersion principles have been applied effectively
to the design and construction of a new anti-G protective
suit for pilots proposed by Barer et al. (Zvezda Aerospace
medicine Department; Barer 2007). In addition, dry
immersion was one of the models used to develop objective
formalizable physiological indices of working capacity that
were suitable for reliable algorithmization of the control of
the physical state, in order to create a future on-board
autonomous computer expert system (Sonkin et al. 1998).

Healthcare context
Cardiology, nephrology

Dry immersion has been used successfully to treat
edema, especially refractory edema, of different etiologies
(cardiovascular diseases, burns, edemas caused by liver
cirrhosis and by renal pathologies). In patients with edema,
the 1.5- to 3-fold increase in diuresis observed after a short-
term dry immersion procedure (4-6 h) remained at that
level for 2 days (Iunusov et al. 1985; Ivanov and Bogo-
mazov 1988). Dry immersion has been proposed as therapy
for treatment-resistant hypertensive crisis (Ivanov and
Markova 1990) and shows a rapid, prolonged hypotensive
and sedative effect after 1.5 h (or less) of dry immersion.

Pediatrics

Dry immersion could be especially valuable when included
in the complex of rehabilitative measures for premature
infants who arrive before term and are exposed early to
gravity from the intra-uterine environment. Improvements

in neurological status and stabilization of hemodynamics
have been observed. Dry immersion is used in the recovery
treatment of infants and young children with malfunctions
of the central nervous system (perinatal encephalopathy;
Kazanskaya 2008). Exposure to dry immersion might help
to prevent the development of cerebral palsy, diminish
muscle hypertonia and hyperactivity, and facilitate the
disappearance of primitive reflexes (labyrinthine, cervical,
Yatsyk 2002).

Neurology

Dry immersion is proposed for rehabilitation for diseases
associated with spastic symptoms (cerebral palsy, multiple
sclerosis or other neuromuscular diseases) because of the
rapid fall in muscle tone during dry immersion: after 2 h,
the body becomes “plasticine (play-dough)-like”, ready
for massage and other physiotherapeutic procedures. Dry
immersion might also be useful in revealing hidden
compensated neurological disturbances. In young healthy
subjects who presented with no neurological symptoms
before experimentation, different neurological signs (such
as symptoms of disintegrated cerebellar function and
signs of peripheral neural function deterioration, as well
as signs of posterior tract lesions and pyramidal, extra-
pyramidal, and frontal cortex signs) appeared after 24, 48,
and 72 h of dry immersion (Berger et al. 2001; Gersten-
brand and Kozlovskaya 1990). The hypothetical expla-
nation for this phenomenon is that almost all individuals
suffer some functional brain disbalance, but due to brain
plasticity its consequences are usually fully compensated,
and it is hidden during normal life. Altered support and
proprioceptive afferentation during dry immersion deeply
alters the body scheme, a conscious representation of
sensory—motor aspects of the body, which disrupts the
compensation and thus reveals hidden neurological
disturbances.

The mechanical support stimulator (“medical boots™)
developed and tested at the Institute of Biomedical Prob-
lems using the dry immersion method was one of the first
pieces of “space” equipment adopted by neurological
clinics to apply mechanical stimulation to the foot support
zones in the same way as during slow or fast walking. It is
useful in cases of cerebral palsy in children, ischemic
stroke, and pathologies associated with long-term immo-
bilization (Miller et al. 2005; Yatsyk 2002).

It should be noted that there are quite a few contrain-
dications to the clinical application of dry immersion,
which include myocardial infarction, severe arrhythmias,
chronic respiratory diseases with decompensated cor pul-
monale, thrombophlebitis, significant resting dyspnea
(Ivanov and Markova 1990), acute inflammation, and
generalized skin diseases (Yatsyk 2002).
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Fig. 10 Schematic diagram of
changes induced by dry
immersion
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Short-term dry immersion could be valuable for endurance
athletes after heavy training (Radzijewska and Radzijewski
2007). Short-term dry immersion is both easy to apply and
therapeutically promising. It might also be beneficial as a
comfortable, quick, and profound relaxation method. In spa
therapy, it is known as dry floatation.

Conclusion

The results of extended investigations have shown that
long-term dry immersion can be regarded as one of the
most satisfactory models of the physiological effects of
microgravity. In addition to the monotonous environment,
posture—motion limitations, hemodynamic changes, and
hypokinetic effects (which are all modeled already by
head-down bed rest), dry immersion also mimics other
aspects of space flight: support unloading and decreased
proprioceptive input (Fig. 10). This support unloading
itself induces very significant physiological changes. Under
conditions where there is a lack of support, muscle tone
diminishes dramatically, especially the tone of antigravity
muscles. Dry immersion enables subjects to be exposed to
the most enhanced level of physical inactivity, and induces
rapid gravitational deconditioning with quick re-establish-
ment during the recovery period. Simulation by dry
immersion can be used to design and validate counter-
measures against muscle impairments that occur in
microgravity and hypokinesia, and to conduct pharmaco-
logical studies under simulated microgravity.

Currently, the medical world is cautiously testing the
possibility of using changes in gravitation as a therapeutic
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measure. Broad applications of short-term dry immersion
can be proposed in pediatrics for the rehabilitation of
premature infants, in cardiology and nephrology for the
treatment of hypertension and edemas, in neurology to
detect hidden disturbances and relieve muscle spasms, and
also for relaxation.

Acknowledgments The authors wish to express their sincere grat-
itude to all the investigators whose work is cited in this paper, and to
all the volunteers who participated in the dry immersion protocols.
We are grateful to Jackie Godfrey and David Cushley for reviewing
the syntax. The work was partly supported by the Centre National
d’Etudes Spatiales (CNES), the Centre National de la Recherche
Scientifique (CNRS), the Région des Pays de la Loire and the Institute
of Biomedical Problems. N. Navasiolava received a PhD grant from
the French Embassy in Belarus.

Conflict of interest The authors declare that they have no conflict
of interest.

Appendix: Variations of English transcription
of the names of Russian authors cited in this paper

Baevsky, Baevskii RM

Chernicova, Chernikova AG
Grigor’ev, Grigoriev, Grigoryev Al
Grigor’eva, Grigorieva LS

II’in, Ilyin VK

Kirenskaia, Kirenskaya AV

Koriak, Koryak, Korijak Tu(Yu, Y)A
Kozlovskaya, Kozlovskaia, Kozlovskaja IB
Kreidich IuV, Kreydich YV
Mel’nik, Melnik KA

Shul’zhenko, Shulzhenko EB
Tomilovskaia, Tomilovskaya ES



Eur J Appl Physiol

Vil-Vilyams, Vil-Viliams,
Will-Williams IF

Vil’-Viliams, Vil’-Vil’iams,

References

Adams GR, Caiozzo VJ, Baldwin KM (2003) Skeletal muscle
unweighting: spaceflight and ground-based models. J Appl
Physiol 95:2185-2201

Afonin BV, Sedova EA (2009) Digestive system functioning during
simulation of the microgravity effects on humans by immersion.
Aviakosm Ekolog Med 43:48-52 (in Russian, English summary)

Anashkin OD, Beliaev SM (1982) Effect of sidnocarb during 7-day
water immersion on the cardiorespiratory system under physical
load. Kosm Biol Aviakosm Med 16:28-31 (in Russian, English
summary)

Arbeille P, Herault S, Fomina G, Roumy J, Alferova I, Gharib C
(1999) Influences of thigh cuffs on the cardiovascular system
during 7-day head-down bed rest. J Appl Physiol 87:2168-2176

Arborelius M Jr, Ballidin Ul, Lilja B, Lundgren CE (1972)
Hemodynamic changes in man during immersion with the head
above water. Aerosp Med 43:592-598

Atkov OY, Bednenko VS (1992) Hypokinesia and weightlessness:
clinical and physiological aspects. International Universities
Press, USA

Baecker N, Tomic A, Mika C, Gotzmann A, Platen P, Gerzer R, Heer M
(2003) Bone resorption is induced on the second day of bed rest:
results of a controlled crossover trial. J Appl Physiol 95:977-982

Baevsky RM (1979) Prognozirovanie sostoyanii na grani normy i
patologii (Prediction of states on the verge of norm and
pathology). Meditsina, Moscow

Baevsky RM, Chernicova AG, Funtova II, Pashenko AV, Tank J (2004)
The autonomous regulation system functional reserves evaluation
in 7-day head-down bed rest. J Gravit Physiol 11:91-92

Barer AS (2007) Water immersion as an anti-g protection for pilot.
Pro et contra. Aviakosm Ekolog Med 41:3-19 (in Russian,
English summary)

Baum K, Essfeld D (1999) Origin of back pain during bed rest: a new
hypothesis. Eur J] Med Res 4:389-393

Beliaev SM (1981) Effect of 1-day water immersion on the indices of
the human cardiorespiratory system under physical load. Kosm
Biol Aviakosm Med 15:24-26 (in Russian, English summary)

Berendeeva TA, Rykova MP, Antropova EN, Larina IM, Morukov
BV (2009) Human immunity system status during 7-day dry
immersion. Aviakosm Ekolog Med 43:36-42 (in Russian,
English summary)

Berger M, Lechner-Steinleitner S, Kozlovskaya I, Marosi M,
Mescheriakov S, Golaszewski S, Gerstenbrand F (2001) Neuro-
logical aspects in real and simulated spaceflight. In: Hinghofer-
Szalkay H (ed) 10 years space biomedical research and
development in Austria (ISBN 3-85076-572-5). Facultas Verlag
Wien, pp 19-34

Bernstein NA (1947) O Postroenii Dvizenii (On the construction of
movements). Medgiz, Moscow

Berry CA (1973) Weightlessness. In: Parker JF, West VR (eds)
Bioastronautic data book, 2nd edn. NASA, Washington, pp 349-416

Blanc S, Normand S, Pachiaudi C, Fortrat JO, Laville M, Gharib C
(2000) Fuel homeostasis during physical inactivity induced by
bed rest. J Clin Endocrinol Metab 85:2223-2233

Bravyi IaR, Bersenev Elu, Missina SS, Borovik AS, Sharova AP,
Vinogradova OL (2008) Dry immersion effects on the mecha-
nisms of metabolic-reflex regulation of hemodynamics during
muscular work. Aviakosm Ekolog Med 42:40-45 (in Russian,
English summary)

Buckey JC Jr, Gaffney FA, Lane LD, Levine BD, Watenpaugh DE,
Wright SJ, Yancy CW Jr, Meyer DM, Blomqvist CG (1996a)
Central venous pressure in space. J Appl Physiol 81:19-25

Buckey JC Jr, Lane LD, Levine BD, Watenpaugh DE, Wright SJ,
Moore WE, Gaffney FA, Blomqvist CG (1996b) Orthostatic
intolerance after spaceflight. J Appl Physiol 81:7-18

Chaika AM, Balakhovskii IS (1982) Changes in plasma and
extracellular fluid volumes and plasma protein mass under
conditions of head-down tilt hypokinesia and immersion. Kosm
Biol Aviakosm Med 16:22-28 (in Russian, English summary)

Chkhaidze LV (1968) Coordination of voluntary movements of man
in the space flight environment. Nauka, Moscow, p 133

Clement G, Pavy-Le Traon A (2004) Centrifugation as a counter-
measure during actual and simulated microgravity: a review. Eur
J Appl Physiol 92:235-248

Cooke WH, Ames JE IV, Crossman AA, Cox JF, Kuusela TA,
Tahvanainen KU, Moon LB, Drescher J, Baisch FJ, Mano T,
Levine BD, Blomgqvist CG, Eckberg DL (2000) Nine months in
space: effects on human autonomic cardiovascular regulation.
J Appl Physiol 89:1039-1045

Coupe M, Fortrat JO, Larina IM, Gauquelin-Koch G, Gharib C,
Custaud MA (2009) Cardiovascular deconditioning: from auto-
nomic nervous system to microvascular dysfunctions. Respir
Physiol Neurobiol 169:S10-S12

Cox JF, Tahvanaine KUO, Kuusela TA, Levine BD, Cooke WH,
Mano T, Iwase S, Saito M, Sugiyama Y, Ertl AC, Biaggioni I,
Diedrich A, Robertson RM, Zuckerman JH, Lane LD, Ray CA,
White RJ, Pawelczyk JA, Buckey JC Jr, Baisch FJ, Blomqvist
CG, Robertson D, Eckberg DL (2002) Influence of microgravity
on sympathetic and vagal responses to Valsalva’s manoeuvre.
J Physiol 538:309-320

Cruz-Gonzalez I, Dejoseph-Gauthier D, Chia S, Raffel OC, Jang IK
(2009) Non-invasive assessment of myocardial ischaemia by
using low amplitude oscillations of the conventional ECG
signals (ECG dispersion mapping) during percutaneous coronary
intervention. Acta Cardiol 64:11-15

Davydova NA, Tigranian RA, Shul’zhenko EB (1981) Human
sympathetic-adrenal system during water immersion. Kosm Biol
Aviakosm Med 15:30-34 (in Russian, English summary)

Egorov AD (1996) Qualification of human body reactions to
microgravity. Aviakosm Ekolog Med 30:14-20 (in Russian,
English summary)

Epstein M (1992) Renal effects of head-out water immersion in
humans: a 15-year update. Physiol Rev 72(3):564-621

Epstein M (1996) Renal, endocrine and hemodynamic effects of water
immersion in humans. In: Fregly MJ, Blatteis CM (eds)
Handbook of physiology, chap 37. Oxford University Press,
New York, pp 845-853

Epstein M, Norsk P, Loutzenhiser R (1989) Effects of water
immersion on atrial natriuretic peptide release in humans. Am
J Nephrol 9:1-24

Ertl AC, Diedrich A, Biaggioni I, Levine BD, Robertson RM, Cox JF,
Zuckerman JH, Pawelczyk JA, Ray CA, Buckey JC Jr, Lane LD,
Shiavi R, Gaffney FA, Costa F, Holt C, Blomqvist CG, Eckberg
DL, Baisch FJ, Robertson D (2002) Human muscle sympathetic
nerve activity and plasma noradrenaline kinetics in space.
J Physiol 538:321-329

Eshmanova AK (2009) Heart rate variability and myocardium state:
effect of “dry” immersion. PhD dissertation, Institute of Biomed-
ical Problems, Moscow, Russia. Available via http:/www.
imbp.ru/WebPages/WIN1251/Science/DisserSov/Summarys/
Eshmanova-ref.doc. Accessed 6 November 2010 (in Russian)

Eshmanova AK, Luchinskaia ES, Baevskii RM (2008) Investigation
into vegetative regulation of blood circulation during 7-day dry
immersion. Aviakosm Ekolog Med 42:45-51 (in Russian,
English summary)

@ Springer


http://www.imbp.ru/WebPages/WIN1251/Science/DisserSov/Summarys/Eshmanova-ref.doc
http://www.imbp.ru/WebPages/WIN1251/Science/DisserSov/Summarys/Eshmanova-ref.doc
http://www.imbp.ru/WebPages/WIN1251/Science/DisserSov/Summarys/Eshmanova-ref.doc

Eur J Appl Physiol

Eshmanova AK, Ivanov GG, Kabulova AZ, Luchitskaia ES, Baevskii
RM (2009) Parameters of high definition ECG and dispersion
ECG mapping on the background of amlodipin and myostimu-
lation during 7-day dry immersion. Aviakosm Ekolog Med
43:40-43 (in Russian, English summary)

Evdokimova AG, Radzevich AE, Solo’veva FV, Vinokhodova TV,
Mamaev VI, Beliaev SM, Ovchinnikova LK (1989) Orthostatic
tolerance and the status of central and peripheral hemodynamics
during 7-day “dry” immersion in persons with neurocirculatory
asthenia of the hypertensive type. Kosm Biol Aviakosm Med
23:62-65 (in Russian, English summary)

Foldager N, Andersen TA, Jessen FB, Ellegaard P, Stadeager C,
Videbaek R, Norsk P (1996) Central venous pressure in humans
during microgravity. J Appl Physiol §1:408-412

Fomin AN (1981) Blood fibrinogen during 7-day water immersion
and short-term space flight. Kosm Biol Aviakosm Med 15:83-85
(in Russian, English summary)

Fomin 10, Orlov VN, Radzevich AE, Leskin GS (1985) Effect of
water immersion on indices of central hemodynamics in subjects
older than 45 years. Kosm Biol Aviakosm Med 19:37—40 (in
Russian, English summary)

Fortney SM, Schneider VS, Greenleaf JE (1996) The physiology of
bed rest. In: Fregly MJ, Blatteis CM (eds) Handbook of
physiology, chap 39. Oxford University Press, New York,
pp 889-939

Fritsch-Yelle JM, Charles JB, Jones MM (1996) Microgravity
decreases heart rate and arterial pressure in humans. J Appl
Physiol 80:910-914

Fu Q, Levine BD, Pawelczyk JA, Ertl AC, Diedrich A, Cox JF,
Zuckerman JH, Ray CA, Smith ML, Iwase S, Saito M,
Sugiyama Y, Mano T, Zhang R, Iwasaki K, Lane LD, Buckey
JC Jr, Cooke WH, Robertson RM, Baisch FJ, Blomqvist CG,
Eckberg DL, Robertson D, Biaggioni I (2002) Cardiovascular
and sympathetic neural responses to handgrip and cold pressor
stimuli in humans before, during and after spaceflight. J Physiol
544:653-664

Gazenko OG, Grigoriev Al, Kozlovskaya IB (1987) Mechanisms of
acute and chronic effects of microgravity. Physiologist 30(1
Suppl):1-5

Genin A, Galichii V (1995) Features of external respiration and
pulmonary hyperemia in man during immersion. Aviakosm
Ekolog Med 29:28-32 (in Russian, English summary)

Genin AM, Modin Alu, Shashkov VS (1988) Status of human
hemodynamics during water immersion in different postures of
immersion. Kosm Biol Aviakosm Med 22:7-10 (in Russian,
English summary)

Gerstenbrand F, Kozlovskaya IB (1990) Neurological findings after
72-hours exposure to water immersion In: David V (ed) Life
science research in space. ESA, France, pp 117-120

Gevlich GI, Grigor’eva LS, Boko MI, Kozlovskaia IB (1983)
Evaluation of skeletal muscle tonus by the method of recording
transverse rigidity. Kosm Biol Aviakosm Med 17:86-89 (in
Russian, English summary)

Gogolev KI, Aleksandrova EA, Shul’zhenko EB (1980) Comparative
assessment of changes during antiorthostatic hypokinesia and
immersion in man. Hum Physiol 6:392-396 (in Russian, English
summary)

Golovkina OL (1982) Human reaction of external respiration and gas
exchange in the acute period of adaptation to water immersion.
Kosm Biol Aviakosm Med 16:43-46 (in Russian, English
summary)

Greenleaf JE (1984) Physiological responses to prolonged bed rest
and fluid immersion in humans. J Appl Physiol 57:619-633
Greenleaf JE (1997) Exercise thermoregulation with bed rest,
confinement, and immersion deconditioning. Ann N Y Acad

Sci 813:741-750

@ Springer

Greenleaf JE, Bernauer EM, Young HL, Morse JT, Staley RW, Juhos
LT, Van Beaumont W (1977) Fluid and electrolyte shifts during
bed rest with isometric and isotonic exercise. J Appl Physiol
42:59-66

Grigor’ev Al, Shul’zhenko EB (1979) Effect of small gravitational
loads on human water-salt metabolism and kidney function
during prolonged immersion. Kosm Biol Aviakosm Med
13:27-31 (in Russian, English summary)

Grigor’ev Al, Kozlovskaia IB, Shenkman BS (2004) The role of
support afferents in organisation of the tonic muscle system.
Ross Fiziol Zh Im I M Sechenova 90:508-521 (in Russian,
English summary)

Grigor’eva LS, Kozlovskaia IB (1983) Effect of 7-day immersion
hyperkinesia on the response-strength properties of human
skeletal muscles. Kosm Biol Aviakosm Med 17:21-25 (in
Russian, English summary)

Grigor’eva LS, Kozlovskaia IB (1985) Effect of 7-day immersion
hypokinesia on the characteristics of precise movements. Kosm
Biol Aviakosm Med 19:38-42 (in Russian, English summary)

Gunga HC, Werner A, Stahn A, Steinach M, Schlabs T, Koralewski
E, Kunz D, Belavy DL, Felsenberg D, Sattler F, Koch J (2009)
The double sensor-A non-invasive device to continuously
monitor core temperature in humans on earth and in space.
Respir Physiol Neurobiol 169:S63-S68

Homick J, Reschke M, Viller E (1977) The effects of prolonged
exposure to weightlessness on postural equilibrium. In: Bio-
medical results from Skylab, NASA, SP-377, pp 104-112

Tarullin KhKh, Simonov LG, Vtoryi SA (1987) Changes in regional
and central hemodynamics during a 7-day immersion in water.
Kosm Biol Aviakosm Med 21:45-50 (in Russian, English
summary)

II’in VK, Kriukov AI, Volozhin Al, Istranov LP, Istranova EV,
Kiriukhina NV, Starkova LV, Morozova IuA, Usanova NA
(2008a) Investigation of dysbiosis developing during “dry”
immersion and methods of correction. Aviakosm Ekolog Med
42:70-74 (in Russian, English summary)

Ilyin VK, Kirjuhkhina NV, Usanova NA et al (2008b) Autostrains
lactobacilli based probiotics for dysbacteriosis prophylaxis of
humans in artificial environment. In: Conference proceedings of
3rd international probiotic conference 4-7 June 2008, High
Tatras, Slovakia, pp 17. Available via http://www.probiotic.
sk/files/IPC2008proceedings.pdf. Accessed 6 November 2010

II’yina-Kakueva EI, Petrova NV, Portugalov VV (1979) Influence of
spaceflight on skeletal muscles and muscle neural apparatus. In:
Effects of dynamic factors of spaceflight on animals. M. Nauka,
pp 95-104

Tunusov MA, Orlov VN, Vinokhodova TV (1985) Effect of the model
of “dry” immersion on the indicators of water—electrolyte
metabolism and aldosterone and cortisol in the plasma of persons
with different levels of body water. Kosm Biol Aviakosm Med
19:42-45 (in Russian, English summary)

Ivanov SG, Bogomazov EE (1988) “Dry” immersion and prospects
of its use in clinical practice. Kosm Biol Aviakosm Med 22:4-6
(in Russian, English summary)

Ivanov SG, Markova LI (1990) Use of a “dry” immersion method in
the treatment of hypertensive crisis. Kosm Biol Aviakosm Med
24:40-42 (in Russian, English summary)

Ivanov AP, Goncharov IB, Davydkin AF, Lavrov VI (1983) Changes
in several indicators of blood rheology in experiments simulating
weightlessness. Kosm Biol Aviakosm Med 17:25-30 (in Rus-
sian, English summary)

Ivanova SM, Morukov BV, Maksimov GV, Bryzgalova NIu,
Labetskaia OI, Iarlykova OI, Levina AA (2009) Investigation
of the morphofunctional properties of human red blood cells
under the conditions of 7-day dry immersion. Aviakosm Ekolog
Med 43:43-47 (in Russian, English summary)


http://www.probiotic.sk/files/IPC2008proceedings.pdf
http://www.probiotic.sk/files/IPC2008proceedings.pdf

Eur J Appl Physiol

Iwase S, Sugiyama Y, Miwa C, Kamiya A, Mano T, Ohira Y,
Shenkman B, Egorov Al, Kozlovskaya IB (2000) Effects of three
days of dry immersion on muscle sympathetic nerve activity and
arterial blood pressure in humans. J Auton Nerv Syst 79:156-164

Kabulova AZ, Eshmanova AK (2008) The comparison of change in
indices of heart rate variability and ECG variability in exper-
iments with 7-day dry immersion and 7-day head down bed rest
(in Russian). In: The proceedings of the 4th All-Russian
symposium with international participation (Heart rate variabil-
ity: theoretical aspects and practical application). Izhevsk,
Russia, pp 110-113

Kakurin LI, Cherepakhin MA, Pervushin VN (1971) Influence of
spaceflight factors on human muscle tone. Kosm Biol Med
2:63-68

Kamenskii [uN, Shul’zhenko EB, Andreeva VG (1976) Effect of
systematic gravitational forces on the external respiration
function in conditions of prolonged immersion. Kosm Biol
Aviakosm Med 10:40-45 (in Russian, English summary)

Kamiya A, Iwase S, Sugiyama Y, Mano T, Sudoh M (2000a)
Vasomotor sympathetic nerve activity in men during bed rest
and on orthostasis after bed rest. Aviat Space Environ Med
71:142-149

Kamiya A, Iwase S, Michikami D, Fu Q, Mano T (2000b) Head-down
bed rest alters sympathetic and cardiovascular responses to
mental stress. Am J Physiol 48:R440-R447

Kamiya A, Iwase S, Kitazawa H, Mano T, Vinogradova OL,
Kharchenko IB (2000c) Baroreflex control of muscle sympa-
thetic nerve activity after 120 days of 6° head-down bed rest.
Am J Physiol 278:R445-R452

Kanikowska D, Sato M, Iwase S, Shimizu Y, Inukai Y, Nishimura N,
Sugenoya J (2008) Immune and neuroendocrine responses to
head-down rest and countermeasures. Aviat Space Environ Med
79:1091-1095

Kazanskaya EV (2008) Physical rehabilitation as a part of recovery
treatment of prematures with malfunctions of central nervous
system. Scientific-theoretical magazine “Scientific notes of
Lesgaft University” 12:21-25. Available via http://lesgaft-notes.
spb.ru/files/arxiv/uz46.pdf. Accessed 6 November 2010 (in
Russian, English summary)

Khristova LG, Gidikov AA, Asleanova IF, Kirenskaia AV, Kozlova
VG (1986) Effect of immersion hypokinesia on the parameters of
human muscle potentials. Kosm Biol Aviakosm Med 20:27-31
(in Russian, English summary)

Khristova LG, Gidikov AA, Aslanova IF, Beliaeva MG, Kirenskaia
AV (1988) Effect of immersion hypokinesia on the motor unit
potentials of human muscles. Kosm Biol Aviakosm Med
22:39-43 (in Russian, English summary)

Khusnutdinova D, Netreba A, Kozlovskaya I (2004) Mechanic
stimulation of the soles support zones as a countermeasure of
the contractile properties decline under microgravity conditions.
J Gravit Physiol 11:141-142

Kirenskaia AV, Kozlovskaia IB, Sirota MG (1985) Effect of
immersion hypokinesia on the characteristics of programmed-
type voluntary movements. Kosm Biol Aviakosm Med 19:27-32
(in Russian, English summary)

Kirenskaia AV, Tomilovskaia ES, Novototskii-Vlasov VIu, Kozlovs-
kaia IB (2006) The effects of simulated microgravity on
characteristics of slow presaccadic potentials. Fiziol Cheloveka
32:10-19 (in Russian)

Kirichenko LL, Smirnov VV, Evdokimova AG (1985) State of
microcirculation and cellular hemostasis in men with borderline
arterial hypertension during thermoneutral “dry” water immer-
sion. Kosm Biol Aviakosm Med 19:35-38 (in Russian, English
summary)

Kirichenko LL, Masenko VP, Raskurazhev AB, Evdokimova AG
(1988) Parameters of hemostasis in persons with

neurocirculatory dystonia under conditions of “dry” immersion.
Kosm Biol Aviakosm Med 22:10-13 (in Russian, English
summary)

Kirsch KA, Rocker L, Gauer OH, Krause R, Leach C, Wicke HJ,
Landry R (1984) Venous pressure in man during weightlessness.
Science 225:218-219

Koenig SC, Convertino VA, Fanton JW, Reister CA, Gaffney FA,
Ludwig DA, Krotov VP, Trambovetsky EV, Latham RD (1998)
Evidence for increased cardiac compliance during exposure to
simulated microgravity. Am J Physiol 275:1343-1352

Kokova NI (1984) Effect of water-salt dietary supplements on
tolerance to head-pelvis acceleration after 7 days of “dry”
immersion and during normal motor activity. Kosm Biol
Aviakosm Med 18:33-37 (in Russian, English summary)

Kopp O (2008) Effects of dry water immersion on bone metabolism
(Auswirkungen der trockenen Wasserimmersion auf den Kno-
chenstoffwechsel). PhD dissertation, University of Bonn, Ger-
many (in German)

Kornilova LN (1997) Vestibular function and sensory interaction in
altered gravity. Adv Space Biol Med 6:275-313

Kornilova LN, Alekhina MI, Temnikova VV, Azarov KA (2004)
Pursuit function of the eye during 7-day dry immersion without
and with a support stimulator. Aviakosm Ekolog Med 38:41-48
(in Russian, English summary)

Kornilova LN, Naumov IA, Mazurenko Alu, Kozlovskaia IB (2008)
Visual-manual tracking and vestibular function during 7-day dry
immersion. Aviakosm Ekolog Med 42:8—-13 (in Russian, English
summary)

Koryak Y (2002a) Surface action potential and contractile properties
of the human triceps surae muscle: effect of ‘dry’ water
immersion. Exp Physiol 87:101-111

Koryak Y (2002b) “DRY” immersion induces neural and contractile
adaptations in the human triceps surae muscle. Environ Med
46:17-27

Koryak Y (2006) Functional properties of neuro-muscular apparatus
of human in conditions of increased and decreased loading. DSc
dissertation, M. available via http://www.imbp.ru/webpages/
winl251/Science/DisserSov/Abstracts/Korjak.html Accessed 6
November 2010 (in Russian)

Koryak YA, Kozlovskaya IB, Khimoroda NN (2008) Low-frequency
neuromuscular electrical stimulation training of human skeletal
muscles in conditions of gravitational unloading. J Nat Hist
1:86-90

Kotov SA, Oganov VS, Skripnikova IA (2003) Imitation of the early
effects of weightlessness in human bone tissue in conditions of
head down bed rest and dry immersion. In: Conference of young
scientists, Institute of Biomedical Problems, Moscow, 9 April
2003. Available via http://youth.imbp.ru/tesises/2003/kotov.html
. Accessed 6 November 2010 (in Russian)

Kovalenko EA, Gurovsky NN (1980) Hypokinesia. Medicine,
Moscow

Kozinets GI, Belakovskii MS, Ushakov AS, Bykova IA, Matveenko
VP (1983) Structural and functional changes in human erythro-
cytes and leukocytes during a 7-day immersion hypokinesia.
Kosm Biol Aviakosm Med 17:48-51 (in Russian, English
summary)

Kozlovskaia IB (2008) Fundamental and applied objectives of
investigations in immersion. Aviakosm Ekolog Med 42:3-7 (in
Russian, English summary)

Kozlovskaia IB, Grigor’eva LS, Gevlich GI (1984) Comparative
analysis of the effect of weightlessness and its model on the
velocity-strength properties and tonus of human skeletal mus-
cles. Kosm Biol Aviakosm Med 18:22-26 (in Russian, English
summary)

Kozlovskaya IB (2002) Dry immersion as a powerful tool in studies
of sensory-motor effects of microgravity. In: 5th international

@ Springer


http://lesgaft-notes.spb.ru/files/arxiv/uz46.pdf
http://lesgaft-notes.spb.ru/files/arxiv/uz46.pdf
http://www.imbp.ru/webpages/win1251/Science/DisserSov/Abstracts/Korjak.html
http://www.imbp.ru/webpages/win1251/Science/DisserSov/Abstracts/Korjak.html
http://youth.imbp.ru/tesises/2003/kotov.html

Eur J Appl Physiol

head-out water immersion symposium: research simulations to
model microgravity. Houston, Texas, 8-9 October 2002. Avail-
able via http://www.dsls.usra.edu/meetings/howi/pdf/1042.pdf.
Accessed 6 November 2010

Kozlovskaya IB (2007) Gravitational mechanisms in the motor
system. In: Natochin YV, Tkatchuk VA (eds) Contemporary
course of classical physiology. GEOTAR-Media, Moscow,
pp 115-134

Kozlovskaya IB, Kirenskaya AV (1987) Gravitational mechanisms in
motor system. Studies in real and simulated weightlessness. In:
Massion J (ed) New concepts of motor control. Plenum Press,
pp 345-350

Kozlovskaya IB, Kreydich YV, Oganov VS, Kozerenko OP (1981)
Pathophysiology of motor functions in prolonged manned space
flights. Acta Astronaut 8:1059-1072

Kozlovskaya I, Dmitrieva I, Grigorieva L, Kirenskaya A, Kredich Yu
(1988) Gravitational mechanisms in the motor system. Studies in
real and simulated microgravity. In: Gurfinkel V, loffe M,
Massion J (eds) Stance and motion. Plenum, N9, pp 37-48

Kozlovskaya IB, Sayenko IV, Miller TF, Khusnutdinova DR, Melnik
KA, Popov DV, Vinogradova OL, Yarmanova EN, Tomilovs-
kaya ES (2007a) Erratum to: New approaches to counter
measures of the negative effects of micro-gravity in long-term
space flights. Acta Astronaut 60:783-789 (Acta Astronautica 59
(2006) 13-19)

Kozlovskaya IB, Sayenko 1V, Sayenko DG, Miller TF, Khusnutdi-
nova DR, Melnik KA (2007b) Role of support afferentation in
control of the tonic muscle activity. Acta Astronaut 60:285-294

Krasney JA (1996) Head-out water immersion: animal studies. In:
Fregly MIJ, Blatteis CM (eds) Handbook of physiology,
section 4, environmental physiology. Oxford University Press,
II, pp 855-887

Kreidich IuV, Repin AA, Barmin VA, Kozlovskaia IB (1982) Effect
of immersion hypokinesia on the characteristics of eye and head
movement during the human gaze fixation reaction. Kosm Biol
Aviakosm Med 16:41-45 (in Russian, English summary)

Kriukov Al, II’'in VK, Volozhin Al, Istranov LP, Kiriukhina NV,
Starkova LV, Morozova IuA, Usanova NA (2007) Experimental
grounds for administration of probiotic drugs in conditions of
hydroweightlessness. Vestn Otorinolaringol 4:30-33 (in Russian,
English summary)

Lakota NG, Larina IM (2002) Study of temperature homeostasis in
real and simulated weightlessness. Fiziol Cheloveka 28:82-92

Larina IM, Lakota NG (2000) The role of individual reactions of
thermal and water-electrolyte metabolism to suited immersion.
Aviakosm Ekolog Med 34:16-22 (in Russian, English summary)

Larina IM, Sukhanov IuV, Lakota NG (1999) Mechanisms of early
changes in water-electrolyte metabolism in man in various
ground-based models of the effects of microgravity. Aviakosm
Ekolog Med 33:17-23

Larina IM, Custaud MA, Pastushkova LKh, Vasilieva GYu,
Dobrokhotov 1V, Istomina VE (2008) Water-electrolyte metab-
olism, renal function and cutaneous microcirculation in human
subjects during 7-day dry immersion. Aviakosm Ekolog Med
42:29-34 (in Russian, English summary)

Layne CS, Forth KE (2008) Plantar stimulation as a possible
countermeasure to microgravity-induced neuromotor degrada-
tion. Aviat Space Environ Med 79:787-794

Leach Huntoon CS, Grigoriev Al, Natochin YuV (1998) Fluid and
electrolyte regulation in spaceflight. In: Leach Huntoon CS,
Grigoriev Al, Natochin YuV (eds) Science and technology series,
a supplement to advances in the astronautical sciences, vol 94

Levine BD, Pawelczyk JA, Ertl AC, Cox JF, Zuckerman JH, Diedrich
A, Biaggioni I, Ray CA, Smith ML, Iwase S, Saito M, Sugiyama
Y, Mano T, Zhang R, Iwasaki K, Lane LD, Buckey JC Jr, Cooke
WH, Baisch FJ, Eckberg DL, Blomqvist CG (2002) Muscle

@ Springer

sympathetic neural and haemodynamic responses to tilt follow-
ing spaceflight. J Physiol 538:331-334

Litvinova KS, Vikhlyantsev IM, Kozlovskaya IB, Podlubnaya ZA,
Shenkman BS (2004) Effects of artificial support stimulation on
fiber and molecular characteristics of soleus muscle in men
exposed to 7-day dry immersion. J Gravit Physiol 11:131-132

Mano T (2005) Autonomic neural functions in space. Curr Pharm
Biotechnol 6:319-324

Markin AA, Morukov BV, Zhuravleva OA, Zabolotskaia IV,
Vostrikova LV, Liapunova NA, Tsvetkova TG (2008) Dynamics
of blood biochemical parameters in an experiment with 7-day
immersion. Aviakosm Ekolog Med 42:56-59 (in Russian,
English summary)

Mel’nik KA, Artamonov AA, Miller TF, Voronov AV (2006) Effects
of mechanic stimulation of the foot support zones on locomotion
kinematics during 7-day dry immersion. Aviakosm Ekolog Med
40:61-65 (in Russian, English summary)

Mikhailov VM, Reushkin VN, Reushkina GD, Sebekina TV,
Smirnova TM (1995) Use of dispersion analysis in the evaluation
of the effects of immersion and individual differences on the
variability of orthostatic reactions. Aviakosm Ekolog Med
29:26-32 (in Russian, English summary)

Mikhailov VM, Kobzev EA, Charles JB, Yelle JM, Siconolfi SF,
Fortney SM (2001) Studies of cardiovascular system in frames of
programme “Mir-Shuttle”. In: SSC RF IMBP RAS (ed) Orbital
station MIR. Moscow, vol 2, pp 25-68 (in Russian)

Miki K, Klocke MR, Hong SK, Krasney JA (1989) Interstitial and
intravascular pressures in conscious dogs during head-out water
immersion. Am J Physiol 257:358-364

Miller TF, Saenko IV, Popov DV, Vinogradova OL, Kozlovskaya IB
(2004) Effect of mechanical stimulation of the support zones of
soles on the muscle stiffness in 7-day dry immersion. J Gravit
Physiol 11:135-136

Miller T, Ivanov O, Galanov D, Guekht A, Sayenko I (2005)
Mechanic stimulation of the foot support zones as a way to
maintain activity of the tonic muscular system during functional
support deprivation. J Gravit Physiol 12:149-150

Millet C, Custaud MA, Maillet A, Allevard AM, Duvareille M,
Gauquelin-Koch G, Gharib C, Fortrat JO (2001) Endocrine
responses to 7 days of head-down bed rest and orthostatic tests in
men and women. Clin Physiol 21:172-183

Miwa C, Sugiyama Y, Iwase S, Mano T, Ohira Y, Grigoriev A,
Kozlovskaya I, Egorov A, Shenkman B (1997) Effects of three
days of dry immersion on heart rate and blood pressure
variabilities during head-up tilting in humans. Environ Med
41:135-137

Modak S, Banerjee PK (2004) Studies of left ventricular functions by
systolic time intervals on exposure to dry immersion. Indian J
Aerospace Med 48:48-56. Available via http://medind.nic.in/
1ab/t04/i2/iabt04i2p48.pdf. Accessed 6 November 2010

Moreva TI (2008) Investigation of peripheral hemodynamics with the
use of ultrasonic dopplerography under the conditions of 7-day
immersion. Aviakosm Ekolog Med 42:35-40 (in Russian,
English summary)

Moukhina A, Shenkman B, Blottner D, Nemirovskaya T, Lemesheva
Y, Piittmann B, Kozlovskaya 1 (2004) Effects of support
stimulation on human soleus fiber characteristics during expo-
sure to “dry” immersion. J Gravit Physiol 11:137-138

Navasiolava N, Custaud MA (2009) What are the future top priority
questions in cardiovascular research and what new hardware
needs to be developed? Respir Physiol Neurobiol 169:S73-S74

Navasiolava NM, Dignat-George F, Sabatier F, Larina IM, Demiot C,
Fortrat JO, Gauquelin-Koch G, Kozlovskaya IB, Custaud MA
(2010a) Enforced physical inactivity increases endothelial
microparticle levels in healthy volunteers. Am J Physiol Heart
Circ Physiol 299:248-256


http://www.dsls.usra.edu/meetings/howi/pdf/1042.pdf
http://medind.nic.in/iab/t04/i2/iabt04i2p48.pdf
http://medind.nic.in/iab/t04/i2/iabt04i2p48.pdf

Eur J Appl Physiol

Navasiolava NM, de Germain V, Levrard T, Larina IM, Kozlovskaya
IB, Diquet B, Le Bouil A, Custaud MA, Fortrat JO (2010b) Skin
vascular resistance in the standing position increases signifi-
cantly after 7 days of dry immersion. Auton Neurosci. doi:
10.1016/j.autneu.2010.10.003

Nemirovskaya TL, Shenkman BS (2002) Effects of support stimu-
lation on unloaded soleus in rat. Eur J Appl Physiol 87:120-126

Nesterovskaia Alu, Morukov BV, Vorontsov AL, Markin AA,
Zhuravleva OA, Zabolotskaia IV, Vostrikova LV (2008) Eval-
uation of the 7-day immersion effect on the renal excretory
function. Aviakosm Ekolog Med 42:52-56 (in Russian, English
summary)

Netreba Al, Khusnutdinova DR, Vinogradova OL, Kozlovskaya IB
(2004) Effect of dry immersion in combination with stimulation
of foot support zones upon muscle force—velocity characteristics.
J Gravit Physiol 11:129-130

Netreba Al, Khusnutdinova DR, Vinogradova OL, Kozlovskaya IB
(2005) Effect of 7-days dry immersion in combination with
mechanical stimulation of foot support zones upon resistance to
fatigue of knee extensors and flexors. J Gravit Physiol
12:137-138

Netreba Al, Khusnutdinova DR, Vinogradova OL, Kozlovskaya 1B
(2006) Effect of dry immersion of various durations in combi-
nation with artificial stimulation of foot support zones upon
force—velocity characteristics of knee extensors. J Gravit Physiol
13:71-72

Nicogossian AE, Huntoon CL, Pool SL (1993) Space physiology and
medicine, 3rd edn. Lea and Febiger, Philadelphia

Ogneva IV, Ponomareva EV, Altaeva EG, Fokina NM, Kozlovskaya
IB, Shenkman BS (2009) Decrease of contractile properties and
transversal stiffness of single fibers in human soleus after 7-day
dry immersion. In: Abstract book of 17th IAA human in space
symposium, Moscow, Russia, 7-11 June 2009, pp 97

Pakharukova NA, Pastushkova LH, Larina IM (2009a) Changes of
healthy human serum proteome profile during 7-day “dry”
immersion. In: Summary book of 30th annual international
gravitational physiology meeting, Xi’an, China, 24-29 May
2009, pp 56

Pakharukova NA, Pastushkova LKh, Larina IM, Grigoriev Al (2009b)
Changes of human serum proteome profile during 7-day “dry”
immersion. Acta Astronaut. doi:10.1016/j.actaastro.2009.10.014

Panferova NE (1976) Cardiovascular system during hypokinesia of
varying duration and intensity. Kosm Biol Aviakosm Med
10:15-20 (in Russian, English summary)

Park KS, Choi JK, Park YS (1999) Cardiovascular regulation during
water immersion. Appl Human Sci 18:233-241

Pastushkova LKh, Pakharukova NA, Trifonova OP, Glushkov KV,
Larina IM (2010) Low molecular weight proteome of healthy
persons during 7-day “dry” immersion and in normal conditions.
In: International conference “Neurovascular impairment induced
by environmental conditions: molecular, cellular and functional
approach”, Angers, 10-14 March 2010. Available via http:/
congres.physio-angers.fr/Low%20molecular%20weight%20prot
eome%200f%?20healthy %20persons%20during%207day %20
dry%?20immersion%20and%20in%?20normal %20conditions.pdf.
Accessed 6 November 2010

Pavy-Le Traon A, Heer M, Narici MV, Rittweger J, Vernikos J (2007)
From space to Earth: advances in human physiology from
20 years of bed rest studies (1986-2006). Eur J Appl Physiol
101:143-194

Popov DV, Saenko IV, Vinogradova OL, Kozlovskaya IB (2003)
Mechanical stimulation of foot support zones for preventing
unfavourable effects of gravitational unloading. J Gravit Physiol
10:59-60

Prisk GK (2000) Microgravity and the lung. J Appl Physiol
89:385-396

Radzijewska MP, Radzijewski PO (2007) Dry immersion—effective
physiotherapeutic procedure in system of rehabilitation of
weight-lifter sportsmen. Pedagogics, psychology, medical-
biological problems of physical training and sports (Ukraine)
10:116-121. Available via http://www.nbuv.gov.ua/portal/Soc_
Gum/PPMB/texts/2007-10/07rmpswl.pdf. Accessed 6 November
2010 (in Russian, English summary)

Rykova MP, Antropova EN, Larina IM, Morukov BV (2008)
Humoral and cellular immunity in cosmonauts after the ISS
missions. Acta Astronaut 63:697-705

Saling M, Lechner-Steinleitner S, Gerstenbrand F, Struhal W, Berger
M (2002) Sensorimotor test in 48 hours dry water immersion
(arm matching test). In: 5th international head-out water
immersion symposium: research simulations to model micro-
gravity. 8-9 October 2002. Available via http://www.dsls.usra.
edu/meetings/howi/pdf/1050.pdf. Accessed 6 November 2010

Sayenko IV (2007) The characteristics of activity spinal mechanisms
in microgravity conditions. PhD dissertation, Institute of Bio-
medical Problems, Moscow, Russia. Available via
http://www.imbp.ru/webpages/win1251/Science/DisserSov/
Abstracts/Saenko.html Accessed 6 November 2010. (in Russian)

Sayenko DG, Artamonov AA, Ivanov OG, Kozlovskaya IB (2005)
Effect of 6 days of support withdrawal on characteristics of
balance function. J Gravit Physiol 12:33-34

Shenkman BS, Kozlovskaya IB, Nemirovskaya TL, Tcheglova IA
(1997) Human muscle atrophy in supportlessness: effects of
short-term exposure to dry immersion. J Gravit Physiol
4:137-138

Shenkman BS, Podlubnaia ZA, Vikhliantsev IM, Litvinova KS,
Udal’tsov SN, Nemirovskaia TL, Lemesheva IuS, Mukhina AM,
Kozlovskaia IB (2004a) Human soleus fibers contractile char-
acteristics and sarcomeric cytoskeletal proteins after gravita-
tional unloading. Contribution of support stimulus. Biofizika
49:881-890 (in Russian, English summary)

Shenkman BS, Litvinova KS, Nemirovskaya TL, Podlubnaya ZA,
Vikhlyantsev IM, Kozlovskaya IB (2004b) Afferent and periph-
eral control of muscle fiber properties during gravitational
unloading. J Gravit Physiol 11:111-114

Shoemaker JK, Hogeman CS, Leuenberger UA, Herr MD, Gray K,
Silber DH, Sinoway LI (1998) Sympathetic discharge and
vascular resistance after bed rest. J Appl Physiol 84:612-617

Shul’zhenko EB, Gogolev KI, Beliaev SM (1983a) Physical exertion
tolerance after water immersion. Kosm Biol Aviakosm Med
17:40-45 (in Russian, English summary)

Shul’zhenko EB, Kozlova VG, Kurdin KA, Iarov AS, Plokhova VG
(1983b) The antigravity suit, chamberless type, as a means of
increasing orthostatic tolerance after water immersion hypoki-
nesis and acceleration. Kosm Biol Aviakosm Med 17:30-33 (in
Russian, English summary)

Shul’zhenko EB, Kozlova VG, Aleksandrova EA, Kudrin KA (1984)
Adaptive effects of repeated immersion exposure on the human
body. Kosm Biol Aviakosm Med 18:57-59 (in Russian, English
summary)

Shulzhenko EB (1975) Physiological effects of altered gravitation
(ground simulation experiments). DSc dissertation, Moscow,
Russia (in Russian)

Shulzhenko EB, Vil-Vilyams IF (1975) Simulation of the human body
deconditioning with the method of “dry” immersion. Xth K.E.
Tziolkovski readings, pp 39-47 (in Russian, English summary)

Shulzhenko EB, Vil-Vilyams IF (1976) The possibility to maintain a
long term water immersion by using the method of “dry
immersion”. Kosm Biol Aviakosm Med 10:82—-84 (in Russian,
English summary)

Shulzhenko EB, Vil-Vilyams IF, Grigoryev Al, Gogolev KI, Khud-
yakova MA (1977) Prevention of human deconditioning during
prolonged immersion in water. Life Sci Space Res 15:219-224

@ Springer


http://dx.doi.org/10.1016/j.autneu.2010.10.003
http://dx.doi.org/10.1016/j.actaastro.2009.10.014
http://congres.physio-angers.fr/Low%20molecular%20weight%20proteome%20of%20healthy%20persons%20during%207day%20dry%20immersion%20and%20in%20normal%20conditions.pdf
http://congres.physio-angers.fr/Low%20molecular%20weight%20proteome%20of%20healthy%20persons%20during%207day%20dry%20immersion%20and%20in%20normal%20conditions.pdf
http://congres.physio-angers.fr/Low%20molecular%20weight%20proteome%20of%20healthy%20persons%20during%207day%20dry%20immersion%20and%20in%20normal%20conditions.pdf
http://congres.physio-angers.fr/Low%20molecular%20weight%20proteome%20of%20healthy%20persons%20during%207day%20dry%20immersion%20and%20in%20normal%20conditions.pdf
http://www.nbuv.gov.ua/portal/Soc_Gum/PPMB/texts/2007-10/07rmpswl.pdf
http://www.nbuv.gov.ua/portal/Soc_Gum/PPMB/texts/2007-10/07rmpswl.pdf
http://www.dsls.usra.edu/meetings/howi/pdf/1050.pdf
http://www.dsls.usra.edu/meetings/howi/pdf/1050.pdf
http://www.imbp.ru/webpages/win1251/Science/DisserSov/Abstracts/Saenko.html
http://www.imbp.ru/webpages/win1251/Science/DisserSov/Abstracts/Saenko.html

Eur J Appl Physiol

Shulzhenko EB, Tigranyan RA, Panfilov VE, Bzhalava 1I (1980)
Physiological reactions during acute adaptation to reduced
gravity. Life Sci Space Res 18:175-179

Sigaudo D, Fortrat JO, Allevard AM, Maillet A, Cottet-Emard JM,
Vouillarmet A, Hughson RL, Gauquelin-Koch G, Gharib C
(1998) Changes in the sympathetic nervous system induced by
42 days of head-down bed rest. Am J Physiol 274:H1875-H1884

Sigaudo-Roussel D, Custaud MA, Maillet A, Giiell A, Kaspranski R,
Hughson RL, Gharib C, Fortrat JO (2002) Heart rate variability
after prolonged spaceflights. Eur J Appl Physiol 86:258-265

Somody L, El Fazaa S, Gharbi N, Gharib C, Gauquelin-Koch G
(1999) Immersion physiology: a current look at an ancient
treatment. Presse Thermale et Climatique 136:181-187

Sonkin V, Zaitseva V, Bourtchik M (1996) Physiological cost of
standard physical load after 7-day dry immersion. J Gravit
Physiol 3:20-21

Sonkin VD, Kozlovskaya IB, Zaitseva VV, Bourchick MV, Stepant-
sov VI (1998) Certain approaches to the development of on-
board automated training system. Acta Astronaut 43:291-311

Stoida Y, Vinogradova OL (1996) Acute effects of dry immersion
upon blood supply of calf muscles during upright exercise.
J Gravit Physiol 3:18-19

Stoida IuM, Vinogradova OL, Golovachev Al (1998) Effect of 3-day
immersion on calf blood flow during physical loading test.
Aviakosm Ekolog Med 32:24-27 (in Russian, English summary)

Struhal W, Berger M, Gerstenbrand F, Golaszewski S, Lechner-
Steinleitner S (2002) Changes of reflex amplitude in dry water
immersion. In: 5th international head-out water immersion
symposium: research simulations to model microgravity. 8-9
October 2002. Available via http://www.dsls.usra.edu/meetings/
howi/pdf/1051.pdf. Accessed 6 November 2010

Sukhanov YuV (1985) The state of antidiuretic system in human
during space flights and modeled studies of different duration.
PhD dissertation, Moscow, Russia (in Russian)

Sula AS, Ryabykina GV, Grishin VG (2007) Dispersion mapping is a
new method for ECG analysis. Biophysical bases of an
electrodynamic cardiac biogenerator model. Kardiologicheskii
Vestnik, Bulleten’ Rossiiskogo Kardiologicheskogo Nauchno-
Proizvodstvennogo Kompleksa, vol 2, no 1. Available via
http://old.consilium-medicum.com/media/cardio/07_01/49.shtml
Accessed 6 November 2010 (in Russian, English summary)

Tikhonov MA, Kondakov AV, Asiamolova NM, Volkov MIu (1983)
Effect of water immersion as a model of weightlessness on lung
closing volume. Kosm Biol Aviakosm Med 17:37-40 (in
Russian, English summary)

Tomilovskaya ES (2007) Mechanisms of adaptation of agreed
movements of eyes and head in microgravity. PhD dissertation,
Institute of Biomedical Problems, Moscow, Russia. Available
via http://www.imbp.ru/webpages/win1251/Science/DisserSov/
Abstracts/Tomilovskaya.html Accessed 6 November 2010
(in Russian)

@ Springer

Tomilovskaya ES, Kirenskaya AV, Novototski-Vlasov VY, Kozlovs-
kaya IB (2004) Event-related EEG changes preceding saccadic
eye movements before and after dry immersion. J Gravit Physiol
11:P33-P34

Tomilovskaya ES, Kirenskaya AV, Lazarev IE, Novototskii-Vlasov VIu,
Kozlovskaia IB (2008) Effect of support removal on pre-saccadic
EEG potentials in test-subjects with various asymmetry profiles.
Aviakosm Ekolog Med 42:14—18 (in Russian, English summary)

Traon AP, Vasseur P, Arbeille P, Giiell A, Bes A, Gharib C (1995)
Effects of 28-day head-down tilt with and without countermea-
sures on lower body negative pressure responses. Aviat Space
Environ Med 66:982-991

Vil’-Vil’iams IF, Shul’zhenko EB (1980) Functional state of the
cardiovascular system during combined exposure to 28-day
immersion, rotation in a short radius centrifuge, and physical
loading on a bicycle ergometer. Kosm Biol Aviakosm Med
14:42-45 (in Russian, English summary)

Vil’-Viliams IF, Shul’zhenko EB (1978) Cardiac arrhythmias in
exposure to +Gz loads after immersion. Kosm Biol Aviakosm
Med 12:50-56 (in Russian, English summary)

Vil-Viliams IF (1994) Principle approaches to selection of the short-
arm centrifuge regimens for extended space flight. Acta Astro-
naut 33:221-229

Vil-Viliams IF, Kotovskaya AR, Lukjanuk VJu, Gavrilova LN, Chjuk
MI, Nikolashin GF, Yarov AS, Krjutchenko SG, Klejev VV
(1996) Study of the effectiveness of the “Centaur” anti-G suit
during exposure to +Gz accelerations after immersion. J Gravit
Physiol 3:24-25

Vil-Viliams IF, Kotovskaya AR, Nikolashin GF, Lukjanuk VJ (2001)
Modern view on the short-arm centrifuge as a potential generator
of artificial gravity in piloted missions. J Gravit Physiol
8:145-146

Vinogradova OL, Popov DV, Saenko 1V, Kozlovskaya IB (2002a)
Muscle transverse stiffness and venous compliance under
conditions of simulated supportlessness. J Gravit Physiol
9:327-329

Vinogradova OL, Stoida [uM, Mano T, Iwase S (2002b) Effects of
gravitational unloading on blood supply of working muscles.
Aviakosm Ekolog Med 36:39-46 (in Russian, English summary)

Watenpaugh DE, Hargens AR (1996) The cardiovascular system in
microgravity. In: Fregly MJ, Blatteis CM (eds) Handbook of
physiology, chapter 29. Oxford University Press, New York,
pp 631-674

White RJ, Blomqvist CG (1998) Central venous pressure and cardiac
function during spaceflight. J Appl Physiol 85:738-746

Williams D, Kuipers A, Mukai C, Thirsk R (2009) Acclimation
during space flight: effects on human physiology. CMAJ
180:1317-1323

Yatsyk GV (2002) Algorithms of diagnosis, treatment and rehabil-
itation of perinatal pathology of underweighted infants. Peda-
gogika-Press, Moscow (in Russian)


http://www.dsls.usra.edu/meetings/howi/pdf/1051.pdf
http://www.dsls.usra.edu/meetings/howi/pdf/1051.pdf
http://old.consilium-medicum.com/media/cardio/07_01/49.shtml
http://www.imbp.ru/webpages/win1251/Science/DisserSov/Abstracts/Tomilovskaya.html
http://www.imbp.ru/webpages/win1251/Science/DisserSov/Abstracts/Tomilovskaya.html

B1. ETUDE DES MODIFICATIONS CARDIO-VASCULAIRES INDUITES PAR
L'IMMERSION SECHE :

PRESENTATION DE NOTRE PROTOCOLE

L’étude comportait un échantillon de 8 hommes volontaires sains, dont 'age s’échelonnait
entre 20 et 25 ans, la taille entre 1m 65 et 1m 87, et le poids entre 56 et 94 kg. Tous les
sujets restaient au sein de I'Institut pendant 11 jours : 2 jours de contrble avant lI'immersion
séche (B-2 et B-1), suivis de 7 jours d'immersion (J1 — J7) et de 2 jours de récupération (R+1
et R+2). De plus, un prélévement sanguin chez chaque sujet était pratiqué 7 jours avant le
début de l'immersion (B-7) et 4 jours aprés la fin de lI'immersion (R+4). Les sujets ont été

immergés I'un aprés l'autre.

Le chronogramme de nos études est présenté sur la Fig.14.

Figure 14. Chronogramme des études
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Les axes principaux de notre recherche étaient :
e | ’état de 'endothélium et des fonctions microcirculatoires,
e La réponse cardio-vasculaire a 'orthostatisme,

e Le métabolisme hydro-sodé et sa régulation hormonale.
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B2. ETUDE DES MODIFICATIONS CARDIO-VASCULAIRES INDUITES PAR

L'IMMERSION SECHE :

ETAT DE L'ENDOTHELIUM ET DES FONCTIONS MICROCIRCULATOIRES

Les fonctions endothéliales sont rapidement altérées par 'immersion séche

“ENFORCED PHYSICAL INACTIVITY INCREASES ENDOTHELIAL MICROPARTICLE
LEVELS IN HEALTHY VOLUNTEERS”

Navasiolava NM, Dignat-George F, Sabatier F, Larina IM, Demiot C, Fortrat JO, Gauquelin-Koch G,

Kozlovskaya IB, Custaud MA. - American Journal of Physiology 299:H248-256, 2010
Commenté : Widlansky ME. The danger of sedenterism: endothelium at risk. Am J Physiol 299:H243-244, 2010

L'immersion séche, modéle efficace de microgravité, induit rapidement un
déconditionnement cardio-vasculaire. Cependant les fonctions endothéliales demeurent
assez peu étudiées dans ces conditions. L'étude que nous avons menée avait pour but de
rechercher les effets de 7 jours d'immersion séche chez les volontaires sains sur les
fonctions endothéliales.

Les études fonctionnelles étaient effectuées au niveau de la microcirculation cutanée. Nous
avons observé une atteinte de la vasodilatation endothélium dépendante en immersion. La
vasodilatation endothélium-indépendante tendait a diminuer mais sans significativité
statistigue. Nous avons observé une augmentation spécifique des microparticules
endothéliales, tandis que les taux relatifs des microparticules circulantes d’autres sources
cellulaires étaient stables. Le dosage de marqueurs solubles témoignant de I'état de
'endothélium a montré une diminution significative du sVEGF au cours de 'immersion, alors
que E-sélectine restait inchangée, indiquant que le mécanisme potentiellement responsable
de 'augmentation de microparticules est une répression de la voie anti-apoptotique plutdt
que [lactivation endothéliale. La dysfonction endothéliale pourrait étre une cible

thérapeutique pour des atteintes liées a I'inactivité physique et a la microgravité.
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Navasiolava NM, Dignat-George F, Sabatier F, Larina IM,
Demiot C, Fortrat JO, Gauquelin-Koch G, Kozlovskaya IB,
Custaud MA. Enforced physical inactivity increases endothelial mi-
croparticle levels in healthy volunteers. Am J Physiol Heart Circ
Physiol 299: H248-H256, 2010. First published May 14, 2010;
doi:10.1152/ajpheart.00152.2010.—A sedentary lifestyle has adverse
effects on the cardiovascular system, including impaired endothelial
functions. Subjecting healthy men to 7 days of dry immersion (DI)
presented a unique opportunity to analyze the specific effects of
enhanced inactivity on the endothelium. We investigated endothelial
properties before, during, and after 7 days of DI involving eight
subjects. Microcirculatory functions were assessed with laser Doppler
in the skin of the calf. We studied basal blood flow and endothelium-
dependent and -independent vasodilation. We also measured plasma
levels of microparticles, a sign of cellular dysfunction, and soluble
endothelial factors, reflecting the endothelial state. Basal flow and
endothelium-dependent vasodilation were reduced by DI (22 = 4 vs.
15 = 2 arbitrary units and 29 * 6% vs. 12 £ 6%, respectively, P <
0.05), and this was accompanied by an increase in circulating endo-
thelial microparticles (EMPs), which was significant on day 3 (42 =
8 vs. 65 = 10 EMPs/pul, P < 0.05), whereas microparticles from other
cell origins remained unchanged. Plasma soluble VEGF decreased
significantly during DI, whereas VEGF receptor 1 and soluble CD62E
were unchanged, indicating that the increase in EMPs was associated
with a change in antiapoptotic tone rather than endothelial activation.
Our study showed that extreme physical inactivity in humans induced
by 7 days of DI causes microvascular impairment with a disturbance
of endothelial functions, associated with a selective increase in EMPs.
Microcirculatory endothelial dysfunction might contribute to cardio-
vascular deconditioning as well as to hypodynamia-associated pathol-
ogies. In conclusion, the endothelium should be the focus of special
care in situations of acute limitation of physical activity.

dry immersion; weightlessness; microcirculation; endothelial dys-
function; soluble endothelial markers

THE VASCULAR ENDOTHELIUM is a key element in the control of
local blood flow (12, 46). It is now widely recognized that
alterations of endothelial integrity and physiological functions
represent pivotal mechanisms in the initiation and development
of vascular diseases. A decrease in endothelial vasomotor
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function (endothelium-dependent vasodilation), which corre-
lates with a risk of cardiovascular events, has been demon-
strated in patients with atherosclerosis, hypertension, and
peripheral vascular diseases (49). Physical inactivity and a
sedentary lifestyle are known to cause cardiovascular de-
conditioning and increase the risk of cardiovascular disease
(5). Endothelial dysfunction seems to be intimately linked to
this deconditioning. A chronic decrease in shear stress
forces during physical inactivity, especially significant in
small vessels of the microcirculatory bed (8), may impair
endothelial functions.

Experimental physical inactivity of varying duration and
intensity in healthy humans can be achieved through confine-
ment (altitude chambers), partial immobilization, bedrest, and
“dry” water immersion (33, 34). Dry immersion (DI) induces
extreme physical inactivity in short-term studies. Supportless-
ness and the extreme degree of physical unloading are imme-
diately reflected by a deep decrease in muscle tone and motor
activity level (25). This model was also developed to simulate
conditions of weightlessness. A series of reports about macro-
circulatory alterations induced by physical inactivity of differ-
ent degrees and duration involving bedrest (6), lower limb
suspension (7), and patients with spinal cord injuries (17) have
been recently published by De Groot and colleagues (16).
However, only a few studies were devoted to microcirculatory
dysfunction. We (18) recently showed that 2 mo of bedrest in
women induces endothelial dysfunction. However, shorter be-
drest periods of 5 and 21 days also seem sufficient to reduce
endothelial vasodilatory capacity (26, 27).

Various markers serve to study the state of the endothelium,
but their use is limited by a host of factors. Among these
markers, functional testing represents the gold standard; how-
ever, this remains difficult to apply systematically for a large
population. It is relatively easy to quantify plasma endothelial
markers reflecting endothelial changes, such as soluble adhe-
sion molecules or angiogenic factors. However, these markers
have been rather disappointing due to the lack of relevant
clinical significance at the individual level, although they may
provide information on given pathological mechanisms asso-
ciated with endothelial dysfunction. More recently, attention
has been focused on such biomarkers of endothelial injury as
circulating endothelial cells (CECs) and endothelial micropar-
ticles (EMPs). We (18) have already shown that 2 mo of
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bedrest in women induces a significant increase in CECs.
EMPs are microvesicles (0.1-1.5 pwm) released from the mem-
brane of activated or apoptotic endothelial cells. Besides being
relevant and specific markers of endothelial integrity, they also
behave as biological vectors able to disseminate various patho-
genic signals amplifying endothelial dysfunction (13). Conver-
gent data from different studies have demonstrated that the
EMP level correlates with the severity of endothelial dysfunc-
tion assessed by flow-mediated dilation in patients with end-
stage renal disease (4) or coronary artery disease (11). To our
knowledge, no studies have investigated the influence of phys-
ical inactivity on EMP levels in healthy subjects.

The aim of this work was to study the influence of enhanced
physical inactivity in healthy volunteers on endothelial integ-
rity. We hypothesized that 7 days of physical inactivity in-
duced by DI would be enough to cause endothelial alterations,
as assessed by functional testing combined with the measure-
ment of EMP levels.

MATERIALS AND METHODS
Subjects

This study was carried out at the Dry Immersion Facility “Khoro-
shevskaya,” which is affiliated with the Institute of Biomedical Prob-
lems (State Scientific Center of Russia, Moscow, Russia). Eight
healthy nonathletic Russian men participated in the study. Their age,
body height, usual weight, and level of regular physical activity
(including daily walking) were 23 = 0.5 yr old, 175 = 3 cm, 76 = 4
kg, and 6 = 1.7 h/wk (means * SE), respectively. Eligible subjects
were enrolled after a medical interview and thorough examination.
They were all without any cardiovascular, pulmonary, or kidney
disease and were non-smokers. The volunteers were informed about
the procedures and gave their informed written consent. The experi-
mental protocol was approved by the Russian National Committee on
Bioethics of the Russian Academy of Sciences and conformed with
the standards set by the Declaration of Helsinki.

DI Method

DI involves immersing the subject into thermoneutral water cov-
ered with a special elastic waterproof fabric film (30, 33, 43) (Fig. 1).
The subject is kept dry, since the film separates the subject from the
water. The subject thus appears to be “freely suspended” in the water
mass. The film is thin and large enough to ensure that the water’s
hydrostatic pressure is equally distributed throughout the surface of
the body, providing conditions similar to full supportlessness. It must
be emphasized that the conditions created by immersion are best for
achieving maximal hypokinesia and hypodynamia, not only due to the
acute limitation of usual motor activity (which can be achieved in
bedrest) but also because the antigravity component of muscle work is
compensated by the buoyancy force (40). Furthermore, muscle tone
and muscle tension drop due to the absence of support stimuli (25,
36), whereas in bedrest—even in prolonged bedrest—they are always
partly preserved (35).

Dry Immersion Protocol

All subjects remained at the Dry Immersion Facility for 11 days,
including 2 ambulatory control days before immersion [baseline days
—2 and —1 (days B-2 and B-1)], 7 days of DI [DI days 1-7 (days DI
1-DI 7)], and 2 days of recovery [recovery days +1 and +2 (days
R+1 and R+2)]. In addition, subjects were called in for blood
sampling [on baseline day —7 (day B-7) and recovery day +4 (day
R+4)]. Subjects were dipped one after another; each subject under-
went DI for 7 days.
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Fig. 1. Dry immersion (DI) method. The subject is immersed up to the armpits
and separated from the water by waterproof fabric. Top: side view; bottom:
view from above.

During immersion, subjects remained in a supine position continu-
ously for all activities except for two 15-min periods for weighing (in a
standing position) and hygiene procedures (at 9 AM and 9 PM). The
water temperature was set between 32 and 33°C. Subjects were contin-
uously supervised by video observation. Body temperature (armpit level)
was measured 2 times/day. The ambient temperature was 25.4 + 1.2°C
on day B-1 and 24.5 = 1.1°C on day R+2.

During immersion, the daily caloric intake was ~2,270 * 50 kcal;
before and after immersion, it was ~2,880 * 60 kcal. Total water
consumption was ~50 ml-kg ™ '-day ' (~3.7 /day) with direct water
intake [including water, tea (without theine), or juice] of ~2.6 l/day.
Dietary sodium was set to 2.8 mmol-kg ™ !-day !, daily calcium intake
was adjusted to 1,000-1,150 mg, and protein intake was 1.15
g-kg™'-day . In this immersion protocol, unlike the majority of DI
studies with quantified ad libitum water intake, water and sodium
consumption were strictly standardized.

Twenty-four-hour urine pools were collected daily throughout the
study, and the partial water balance (defined as the difference between
consumed water and urine volume) was calculated.

Functional Testing of the Endothelium by lontophoresis

The functional properties of the skin microcirculation were evalu-
ated in the morning, before immersion (day B-1), during immersion
(days DI 1, DI 3, and DI 7), and in the recovery period (day R+2). On
day 1, testing was performed 1 h after the beginning of the immersion.
Pre- and postimmersion assessments were performed in a quiet room
with controlled air temperature. Subjects were placed in a supine
position and rested for 30 min before data were recorded.

During immersion, a thermoneutral water temperature was contin-
uously maintained. The recording started after readings had stabilized.

Skin blood flow was assessed at the calf level, apart from the
superficial veins. The calf was shaved 24 h before to avoid skin
irritation on the day of the experiment.

The protocol included the assessment of basal skin blood flow,
endothelium-dependent and endothelium-independent vasodilation,
and maximal vasodilation.

Laser Doppler (LD) flowmetry is recognized as a validated and
reproducible method of assessing and monitoring endothelial function
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(47). To evaluate skin perfusion, the LD flowmetry technique coupled
with iontophoresis was applied.

Three LD multifiber probes (wavelength: 780 nm) connected to a
LD flowmeter (Periflux PF4001, Perimed) were used. Two specially
designed iontophoretic probes (PF 481-1, Perimed) were used for
local temperature measurement, current application, local heating, and
simultaneous skin blood flow recording. These active probes had
circular chambers for placing the double-sided adhesive patches with
a sponge measuring ~0.6 cm? (PF383, Perimed). The laser beams
passed through the hole in the center of the sponge.

The active probes were also connected to temperature-regulated
heating systems (Peritemp PF4005, Perimed) and to regulated current
suppliers (Periiont PF 382, Perimed), allowing for the delivery of
currents with regulated intensity and duration.

A third probe (PF408, Perimed) was used as a reference 5 cm from
the iontophoretic sites. Skin temperature was maintained as thermo-
neutral between 33.5 and 34.5°C; this temperature has shown to cause
neither constriction nor dilation of cutaneous vessels (13). The probes
were placed with the same topography in all subjects, respectively, to
the distal apex of patella. To assure the same placement of probes for
subsequent repeated measurements, the position of the probes was
marked on the skin.

Basal blood flow. A stable baseline was registered for 5 min before
iontophoresis was performed. Basal calf skin blood flow was calcu-
lated as a mean of basal values from three probes (the reference probe
and both active probes) and is presented in non-normalized values.

Endothelium-dependent and endothelium-independent vasodilation. Ion-
tophoresis involves the use of a continuous monopolar current for the
local transcutaneous delivery of small amounts of pharmacological
agents. In this study, we measured the blood flow changes in response
to iontophoresis of 2% ACh (a substance that induces endothelium-
dependent vasodilation) and 1% sodium nitroprusside (SNP; which
induces endothelium-independent vasodilation). These substances
were diluted in deionized water.

In each experiment, the sponges were moistened with 0.2 ml of
solution. The current application consisted of a 10-s, 0.1-mA anodal
current for ACh and a 20-s, 0.1-mA cathodal current for SNP. Two
disposable Ag/AgCl electrodes (Care 610, Kendall, Neustadt, Ger-
many) were positioned immediately next to the active probes and
served as the opposite poles in each experiment. With applied current
intensity and duration, the drug delivery was local, which was con-
firmed by stable flow values at the level of the reference probe during
iontophoresis.

After the iontophoretic period, the signals were recorded during 20
min to estimate the iontophoretic response. ACh induces a biphasic
vascular response with the early (peak) phase mainly mediated by the
nitric oxide pathway and the late (plateau) phase mainly related to
prostaglandins (20). Both peak and plateau vasodilation were esti-
mated for the ACh-induced response. The SNP-induced vascular
response was measured at the plateau.

Maximal vasodilation. At the end of the experiment, the active
probes were continuously warmed to 44°C for 20 min to cause
maximal cutaneous vasodilation (15).

Analysis of LD Flow Data

For LD flow data analysis, we defined the following: baseline (the
mean for the last minute recorded before the current application), peak
(the mean for the 10-s interval of maximal values within the 5 min
after current application), plateau (the mean for the last minute of
recovery), and maximal vasodilation (the mean for the last minute of
local heating). Responses to iontophoresis were expressed as percent-
ages of the maximal vasodilatory response to local heating from the
same active probe.

An example of the raw data is shown in Fig. 2.

ENFORCED PHYSICAL INACTIVITY AND ENDOTHELIAL DAMAGE
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Fig. 2. Examples of laser-Doppler flow [LDF; in arbitrary units (AU)] record-
ings with the ACh probe (A) and sodium nitroprusside (SNP) probe (B) at
baseline, responses to iontophoresis of ACh (peak and plateau phases) and
SNP (plateau), and responses to local heating [maximal vasodilation (VD
max)]. Arrows indicate the beginning of iontophoresis and beginning of
heating, respectively.

Blood Analysis

Blood sampling. Antecubital venous blood samples were collected
in citrate [for assessing microparticles (MPs) and endothelial factors],
EDTA (for blood counts), and nonanticoagulant (for glucose and
lipids determination). Vacutainers in the morning before breakfast
were used.

Complete blood counts. Erythrocyte, Hb, and Hct levels were
measured on days B-2, DI 3, DI 7, and R+4. Leukocyte and platelet
levels were assessed on days B-7 and R+ 1. Measurements were
performed with a MEK 6318 hematological auto analyzer.

Calculation of plasma volume evolution. Percent changes in plasma
volume (APV) were calculated from changes in Hb and Hct using the
Dill and Costill method (19) as follows: APV (in %) = 100 X
[Hbg»(1 — 0.01Hct;)]/[Hb;(1— 0.01Hctg_»)] — 100, where Hbg_» and
Hctg_» are the Hb and Hct levels on day B-2, respectively, and Hb; and
Hct; are Hb and Hct on days DI 3, DI 7, and R+4, respectively.

Blood biochemical analyses (glucose and lipids). Biochemical tests
including measurements of total cholesterol, HDL-cholesterol, trig-
lycerides, and glucose were carried out by enzymatic calorimetric
methods using commercially available kits (DiaSys). LDL-cholesterol
was calculated using the Friedewald formula.

Assessment of MPs

Plasma preparation and MP labeling. Blood samples were drawn
into 0.129 mol/l sodium citrate tubes (Vacutainer, Becton Dickinson)
between 8:00 and 8:30 AM and processed for MP analysis within 1 h
postdrawing according to recommendations of the International So-
ciety of Thrombosis and Hemostasis (31). Briefly, samples were
centrifuged at 1,500 g for 15 min to obtain platelet-free-plasma
followed by a 2-min centrifugation at 13,000 g to remove residual
platelets and cell debris. These platelet-free-plasma samples were then
frozen at —80°C until used. Analysis of MP subpopulations was done
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using the following specific fluorochrome-labeled monoclonal anti-
bodies: anti PECAM-1 and Gpllbllla for EMPs (PE-CD31, clone
1F11, Beckman Coulter, Marseille, France, and FITC-CD41, clone
PL2-49, Biocytex, Marseille, France), anti-GplIbllla for platelet MPs
(PE-CD41, clone PL2-49), anti-glycophorin A for erythrocyte MPs
(PE-CD235a, clone KC16, Beckman Coulter), and anti-CD11B/CD66
for leukocyte MPs (FITC-CD66b, clone 80H3, and FITC-CD11b,
clone Bear-1, Beckman Coulter). Annexin V binding was used to
numerate phosphatidylserine-expressing circulating MPs irrespective
of their cellular origin (total MPs). After being thawed, 30 pl of
plasma were incubated with specific monoclonal antibodies or corre-
sponding isotype controls (FITC-IgGl and PE-IgGl, Beckman
Coulter Immunotech) or with FITC-annexin V (AbCys.SA, Paris,
France). After a 30-min incubation at room temperature, samples were
diluted in 0.5 ml of PBS (Dulbelcco’s, Life Technologies, Paisley,
UK) or binding buffer for annexin V labeling (AbCys.SA). Then, 30
wl of internal standard (Flow Count beads, Beckmann Coulter) were
added to each sample to allow the expression of MP results as
absolute numbers per microliter.

Flow cytometry. Samples were analyzed by flow cytometry (CXP
FC 500, Beckmann Coulter). MPs presented in plasma were analyzed
according to their size and fluorescence in a logFS-logSS dot plot as
previously described (3, 41). Briefly, the MP gate was defined in a
logFS-logSS dot plot using, as a boundary, fluorescent beads of 0.5
and 0.9 pm in diameter (Megamix, Biocytex, France). As the numer-
ical ratio between beads is well established (2:1, 0.5-pm/0.9-pm
beads, respectively), the threshold was switched to FS and PMT
voltage settings adjusted to obtain 50% of 0.5-pm beads. Each
population of MPs was then numerated in one- or two-color fluores-
cence plots. The flow count beads were counted in a third dot plot,
logSS-logFL3. The EMP flow cytometric analysis did not include a
lower size restriction to enhance detection sensitivity.

Assessment of Soluble Endothelial Markers

Platelet-free plasma obtained as described above was divided into
400-p.l aliquots and stored at —80°C until analysis. Plasma levels of
E-selectin, VEGF receptor 1 (VEGFR1), and VEGF were analyzed by
ELISA using Quantikine ELISA kits (Human sE-Selectin/CD62E
Quantikine ELISA kit, Human VEGF Quantikine ELISA kit, and
Human sVEGF R1/Flt-1 Quantikine ELISA Kit, R&D Systems Eu-
rope, Lille, France). ELISA tests were performed according to the
manufacturer’s instructions, and absorbance measurements were con-
ducted using an Infinite F200 spectrophotometer instrument
(TECAN). The intra-assay variability of the ELISA test was <5% and
the interassay variability was <8%.

Statistical Analysis

The data received during immersion and in the recovery period were
compared with baseline data. All values are presented as means = SE.
For statistical analysis, a Friedman test was used first followed by a
post hoc Wilcoxon signed-rank test if significant differences were
obtained. These nonparametric tests are appropriate for matched pairs
of data where the samples are related and a normal distribution is not
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assumed. Values of P < 0.05 were considered significant. Analyses
were performed using SPSS 15.0 for Windows.

RESULTS
Clinical Events and Daily Monitoring of Physiological Data

DI was well tolerated; all the subjects, however, had a
backache at the beginning, which disappeared by the third to
fourth day of immersion. During DI, no major changes in body
temperature were observed (Table 1). A significant decrease in
weight persisted throughout the entire immersion period (Table
1). Heart rate and blood pressure remained within normal
limits, with a significant decrease in diastolic blood pressure on
day DI 1 (Table 2). We observed a significant decrease in
plasma volume versus baseline of —15 * 4% on day DI 3 and
—16 = 3% on day DI 7 (P < 0.05).

Complete Blood Count

At the end of DI, we observed a significant increase in
erythrocytes (5 *= 0.11 X 10'? erythrocytes/l at baseline vs.
5.5 = 0.08 X 10'? erythrocytes/l on day DI 7, P =0.012), Hb
(149 = 3.7 g/l at baseline vs. 162 = 3 g/l on day DI 7, P =
0.012), and Hct (42.9 £ 1% at baseline vs. 46.4 = 0.9% on day
DI 7, P = 0.012). In the recovery period (days R+4 and R+7),
all these parameters were restored. We did not observe any
significant differences in the numbers of white blood cells and
platelets before (day B-7) and after (day R+ 1) DI (6.8 = 0.6 X
10° vs. 6.3 = 0.5 X 10° white blood cells/l and 252 + 19 X
10° vs. 232 + 21 X 10° platelets/l, respectively).

Blood Glucose and Lipids

Blood glucose, total cholesterol, and the LDL fraction were
not changed significantly during the 7-day DI. Triglycerides
were slightly increased on day DI 7, although within normal
limits (Table 3).

Testing of Endothelial Function

Basal calf skin blood flow. Basal calf skin blood flow (Fig. 34)
was significantly decreased on the third and seventh days of DI
[11 = 1 arbitrary units (AU), P = 0.018,and 15 = 2 AU, P =
0.025, respectively] compared with baseline (22 = 4 AU). In
the recovery period (day R+2), basal flow tended to be re-
stored (19 = 5 AU).

Maximal skin vasodilation in response to heating. Maximal
skin vasodilation in response to heating, expressed in non-
normalized values (Fig. 3B), was similar before, during, and
after DI.

Table 1. Body temperature, body weight evolution, and water balance before, during, and after DI

Day B-1 Day DI 1 Day DI 3 Day DI 7 Day R+2
Morning temperature, °C 36.2 = 0.1 36.2 = 0.1 36.1 = 0.1 36.1 = 0.1 36.2 +0.2
Evening temperature, °C 36.3 £0.1 36.3 £0.1 36.5 0.2 364 = 0.1 364 0.2
Weight evolution vs. day B-1, kg —0.9 £ 0.2% —2.1 £0.5*% —23 £04* —1.3 *0.2%
Water balance, ml 1,870 = 210 —120 * 220* 920 = 150%* 770 = 150%* 2,150 = 200
Evening weight, kg 76.1 = 4.1 75.2 £ 4.2% 74.0 £ 4.0% 73.8 £ 4.0% 74.9 £ 4.2%

Values are means = SE. Days are indicated as follows: baseline day —1 (day B-1), dry immersion (DI) days 1, 3, and 7 (days DI 1, 3, and 7), and recovery

day +2 (day R+2). *P < 0.05 vs. baseline.

AJP-Heart Circ Physiol - VOL 299 « AUGUST 2010 - www.ajpheart.org

0TO0Z ‘2T 1snbny uo Hio°ABojoisAyd-ireaydle woiy papeojumoq



http://ajpheart.physiology.org

H252

ENFORCED PHYSICAL INACTIVITY AND ENDOTHELIAL DAMAGE

Table 2. Systolic and diastolic pressure, heart rate, skin temperature, and ambient temperature at the beginning of

iontophoretic tests before, during, and after DI

Day B-1 Day DI 1 Day DI 3 Day DI 7 Day R+2
Systolic blood pressure, mmHg 125 =2 121 =2 123 £ 4 124 =3 121 =3
Diastolic blood pressure, mmHg 66 =3 59 * 2% 65 *3 66 = 2 66 £ 1
Heart rate, beats/min 59 +3 60 =3 58 +3 60 =2 63 +4
Skin temperature, °C 33.8 0.2 33.7 £0.1 335 0.1 334 £0.1 34.0£0.2
Air temperature, °C 254+ 0.5 245 04
Water temperature, °C 324 +0.2 322 +0.1 323 0.1

Values are means = SE. *P < 0.05 vs. baseline.

Endothelium-dependent vasodilation. Endothelium-depen-
dent vasodilation (Fig. 3, C and D), estimated at plateau, was
significantly decreased on the seventh day of DI (12 = 6% of
maximum vasodilation) versus baseline (29 = 6% of maxi-
mum vasodilation, P = 0.046). Peak vasodilation tended to
decrease on the third and seventh day of DI.

Endothelium-independent vasodilation. No significant changes
were observed in endothelium-independent vasodilation (Fig.
3E), although there was a tendency for it to decrease on the
seventh day of DI

Assessment of MPs

Enumeration of circulating MPs from different cell origins
indicated that EMPs, identified as MPs expressing CD31 but
negative for CD41, were significantly increased on day DI 3 (64.9 =
9.9 vs. 41.9 £ 8.1 events/pl at baseline, P =0.04; Fig. 4B), whereas
erythrocyte, platelet, and leukocyte MPs were not significantly
modified under DI (Fig. 4, C-E). The total number of MPs
expressing phosphatidylserine, assumed to be MPs binding an-
nexin V (Fig. 4A), tended to decrease during DI, but the changes
did not reach statistical significance.

Assessment of Soluble Endothelial Factors

In an attempt to document EMP variations, we investigated
the level of E-selectin (soluble CD62E), attesting to endothelial
activation, and soluble VEGF and soluble VEGFR1, reflecting
the alterations of signals controlling survival/apoptosis equi-
librium in endothelial cells. A significant decrease in the
plasma levels of soluble VEGF was observed on days DI 3 and
DI 7 compared with baseline values (51 % 14% of baseline on
day DI 3 and 73 = 9% on day DI 7, P < 0.05). No significant
changes were observed in the plasma levels of soluble CD62E
and soluble VEGFRI1 under DI (Fig. 5).

DISCUSSION

This present study shows the microvascular disturbance with
biological and functional impairment of endothelial functions
after acute and enhanced physical inactivity in humans without

other cardiovascular risks. One week of DI appeared sufficient
to impair endothelium-dependent vasodilation at the skin level
and to increase, specifically, endothelium-derived MPs.

Physical Inactivity and Endothelial Properties

Bedrest and DI protocols offer the chance to study, specif-
ically, the effect of physical inactivity on vascular functions.
Since the Framingham Heart Study several years ago, several
studies have shown a correlation between physical inactivity
and cardiovascular disease (for a review, see Ref. 32). How-
ever, physical inactivity is often associated with other strong
cardiovascular risk factors such as metabolic syndrome (2). In
our work, we were able to specifically study the role of
physical inactivity in endothelial damage. We observed both a
decrease in ACh-induced vasodilation at the skin level and an
increase in EMPs (considered as a biological marker of endo-
thelial dysfunction).

On day DI 3, we found a significant increase in EMPs. The
peak response to ACh tended to decrease on this day. These
results suggest an endothelial dysfunction involving the nitric
oxide pathway. The vasodilatory capacity of smooth muscle
cells was preserved on day DI 3, as shown by the unchanged
iontophoretic response to SNP.

On day DI 7, the significant decrease of the plateau response
to ACh may indicate an endothelial dysfunction predominant
for the prostaglandin pathway. The tendency to EMPs to
increase on day DI 7 is also indicative of endothelial changes.
However, on day DI 7, the LD flow response to SNP tended to
decrease, suggesting an impairment also at the smooth muscle
cell level.

In a previous study (18) involving a 2-mo bedrest in women,
we showed a decrease in ACh-induced vasodilation at the skin
level, with a significant increase in CECs. Increased numbers
of CECs indicate disruption of endothelial integrity and might
indicate desquamated, damaged, or dysfunctional endothelial
cells (37). However, it seems that a shorter period of enhanced
physical inactivity, with 7 days of DI, is also sufficient to
impair the endothelial vasodilatory capacity, as had already

Table 3. Dynamics of blood glucose and blood lipids in the experiment with 7-day DI

Parameter Reference Day B-7 Day DI 3 Day DI 7 Day R+1
Plasma glucose, mmol/l 42-6.4 4.83 = 0.19 4.94 +0.12 4.87 = 0.18 4.67 = 0.15
Total plasma cholesterol, mmol/l 2.8-5.2 47042 5.32+0.38 5.11 = 0.39 5.19 = 0.46
HDL-cholesterol, mmol/l >0.91 142 = 0.11 1.38 = 0.09 1.35 £ 0.07 1.3 = 0.09
LDL-cholesterol, mmol/l <4.0 2.63 = 0.25 3.08 = 0.35 2.85 = 0.35 3.05*+04
Triglycerides, mmol/l 0.55-2.30 1.12 £ 0.16 1.61 £ 0.17 1.78 = 0.25% 1.83 £0.32

Values are means = SE. Data are from Markin et al. (38). Day B-7, baseline day —7; day R+ 1, recovery day +1. *P < 0.05 vs. baseline.
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Fig. 3. Effect of physical inactivity induced by 7 days of DI on calf skin blood
flow defined by the laser-Doppler technique. A: mean basal flow. B: flow
stimulated by local heating up to 44°C. C and D: flow stimulated by ionto-
phoresis of ACh on peak (C) and plateau (D) phases. E: flow stimulated by
iontophoresis of SNP. Basal blood flow and maximal blood flow responses to
heating are expressed as non-normalized values; blood flow responses to ACh
and SNP delivery are expressed as percentages of skin maximal vasodilation to
heating. Values are means * SE. Protocol days are indicated as follows:
baseline (B), DI (D), and recovery (R). *P < 0.05 vs. day B-1.

been observed after 5 days of bedrest (26) and after 21 days of
bedrest (27). The increase in EMPs is in accordance with these
previous results and provides a new mechanistic hypothesis.

Role of Decreased Shear Stress at the Microcirculatory
Level

The essential condition of endothelial well-being is shear
stress. It can be calculated as follows: shear stress = 4 MQ/q'rr3,

AJP-Heart Circ Physiol « VOL 299 «

H253

where r is the radius of the vessel, . is the blood viscosity, and
Q is the blood flow. Our DI model potentially acts on blood
flow and viscosity.

Cardiac output/blood flow. DI provokes a diminution in
stroke volume (29, 44, 48) and cardiac output (23, 44). Ad-
vanced physical inactivity in a water environment decreases
metabolic tissue demands and the blood supply with a decrease
in hemodynamics at the skin level and also at the whole body
level. This is particularly true for muscle vessels, because DI
induces a dramatic decrease in muscle tone and motor activity.

Whole blood viscosity. Blood viscosity depends mainly on
Hct. Even modest decreases in Hct have been shown to impair
flow-mediated dilation in large arteries (24). In a recent study
(9) on the plasma level of EMPs and shear rate measured in
large arteries in end-stage renal disease, Boulanger et al.
showed that an increase in Hct increases shear stress and
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Fig. 5. Variations in soluble endothelial factors in plasma. VEGFR1, VEGF
receptor 1; sCD62E, soluble CD62E; sVEGF, soluble VEGF. Values are
means = SE. *Significant difference vs. baseline (P < 0.05).

improves endothelial function. In our study, despite the mod-
erate increase in Hct in DI, we observed an impairment of
endothelial function. In this model, we have to take into
account the deterioration in hemodynamic conditions as a
major factor of endothelial dysfunction.

Potential role of the lipid profile and blood glucose. Never-
theless, other inactivity-associated factors might also partici-
pate in the observed microvascular dysfunction, for example,
dyslipidemia or glucose intolerance. Physical inactivity asso-
ciated with bedrest is known to increase rapidly insulin resis-
tance, total cholesterol, and triglycerides (26). In our study, the
lipid profile remained within normal values. Thus, dyslipide-
mia seems not to be involved in the endothelial impairment.
We did not directly estimate glucose tolerance; however, in
another 7-day DI protocol, a significant increase of fasting
insulin was found (1), which favors the hypothesis of insulin
resistance.

MPs, Mechanisms of Appearance, and Potential Role

We investigated the influence of DI-induced hypokinesia on
the plasma levels of different MPs.

Mechanisms of appearance. MPs produced in vitro are
generated by activating agents, such as TNF-a, or apoptotic
stimuli, as the deprivation of growth factors. Several recent
studies (10, 28) have supported the concept that plasma levels
of EMPs represent a surrogate marker of endothelial cell
damage. Our study is the first to show that enhanced physical
inactivity specifically increases EMPs without effects on plate-
let- and leukocyte-derived MPs. Together with the alteration of
endothelial vasodilatory capacity, these observations are con-
sistent with a pathological process specifically targeting endo-
thelial integrity. In various clinical situations, increased EMP
levels have been shown to correlate with endothelial dysfunc-
tion assessed by flow-mediated vasodilation (11). Elevated
EMP levels are also associated with most of the cardiovascular

AJP-Heart Circ Physiol « VOL 299 «

ENFORCED PHYSICAL INACTIVITY AND ENDOTHELIAL DAMAGE

risk factors, such as obesity, hypertension, and diabetes, and
appear indicative of a poor clinical outcome (42). Thus, EMPs
appear as a potential new marker of the deleterious impact of
physical inactivity on the endothelium and the related cardio-
vascular risk. The mechanisms underlying excessive endothe-
lial vesiculation associated with DI remain to be investigated.
However, the absence of a significant alteration in the soluble
CD62E plasma levels suggests that the increase in EMPs
occurred in the absence of marked endothelial inflammatory
stimulation. Rather, endothelial vesiculation resulting from
enhanced apoptosis can be postulated. Consistent with this
hypothesis, we evidenced that DI induced a significant de-
crease in VEGF plasma levels. Such a decrease may contribute
to the reduction of antiapoptotic tone for endothelial cells
because of the acknowledged role of VEGF as a powerful
survival signal (21, 45). VEGF transfers the signals of survival
and proliferation toward endothelial cells, and the absence of
this factor leads to apoptosis in vitro; thus, it characterizes the
antiapoptotic tone of endothelial cells (22).

Potential role. MPs are not just “cell dust” waiting for
phagocytosis; they are biologically functional and actively
involved in cellular control mechanisms. Recent data have
provided evidence that MPs, independently of their origin, can
transfer biological information between cells, acting as verita-
ble vectors of signal molecules (39). EMPs are not only a
reflection of endothelial dysfunction but may also induce
vascular dysfunction (10). It remains to be seen whether the
release of EMPs is a cause or consequence of endothelial
dysfunction or both. In the endothelial dysfunction induced by
DI and bedrest, or in a more general way by enhanced physical
inactivity, EMPs might quantify this endothelial dysfunction
and spread this endothelial impairment within the vascular tree.

Conclusions

Our study showed that enhanced physical inactivity, induced
by DI, brings about microcirculatory damage, predominantly at
the endothelial level. The lower hemodynamics decrease shear
stress at the microcirculatory level and are highly likely to
contribute to this endothelial damage. The increase in endo-
thelial MPs also indicates endothelial dysfunction, and the MPs
might participate in a generalized endothelial dysfunction.
Endothelial dysfunction at the microcirculatory level might
contribute to several hypokinesia-induced pathologies, such as
a decrease in exercise capacity, muscle atrophy, and cardio-
vascular deconditioning. The endothelial dysfunction at the
microcirculatory level seems to be an early consequence of
hypokinesia. Therefore, we believe that the endothelium could
be a specific target for countermeasures designed to minimize
or reverse the deleterious effects of physical inactivity on
microvascular function in humans.
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Editorial Focus

The danger of sedenterism: endothelium at risk

Michael E. Widlansky'

Y'Cardiovascular Medicine Division, Department of Medicine, and *Department of Pharmacology, Medical College of

Wisconsin, Milwaukee, Wisconsin

HABITUAL PHYSICAL inactivity, otherwise known as sedenterism,
is a leading cause of excessive and preventable cardiovascular
risk (4). Less than half of U.S. adults met recommended
physical activity standards in 2007, and nearly one-quarter of
the U.S. population reported no leisure time physical activity in
2008 with rates of sedenterism above 30% for those over the
age of 65 (3). While the exact magnitude of the societal cost of
sedenterism is difficult to quantify, estimates suggest that the
direct medical costs of sedentary individuals are nearly one-
third higher than those of their physically active counterparts
and likely amounts to at least 100 billion U.S. dollars of excess
healthcare costs today (10).

Sedentarism’s deleterious mechanisms of action remain un-
clear. Much of the risk of physical inactivity has been attrib-
uted to the onset of obesity secondary to excessive caloric
intake relative to energy requirements. Obesity is a well-
recognized risk factor for the development of dyslipidemia,
systemic inflammation, hypertension, and insulin resistance. In
this setting, the vascular endothelium becomes dysfunctional.
Endothelial dysfunction is characterized by a proinflammatory,
prothrombotic, and vasoconstrictive phenotype and is a known
harbinger of adverse cardiovascular events (13). While obesity
has been linked to endothelial dysfunction and insulin resis-
tance and physical activity has been shown to improve both
measures in at-risk populations, the strong colinearity of sed-
enterism and obesity significantly complicates attempts to
determine the contribution of physical inactivity alone to both
endothelial dysfunction and insulin resistance.

Address for reprint requests and other correspondence: Michael E. Widlan-
sky, Medical College of Wisconsin, 9200 W. Wisconsin Ave., FEC Ste.
E5100, Milwaukee, WI 53226 (e-mail: mwidlans@mcw.edu).

To isolate the potential adverse effects of sedenterism alone,
multiple research groups have employed model protocols that
enforce strict, acute bed rest on otherwise healthy persons to
determine the vascular, hemodynamic, and metabolic conse-
quences of sedenterism (1, 5, 7, 8, 11). The results of these
studies are delineated in Table 1. While the conclusions result-
ing from the comparisons of these studies need to be tempered
by their heterogeneity of methods and outcome measurements,
these data suggest that strict bed rest as a model of acute
physical inactivity results in significant alterations to vascular
homeostasis. These alterations appear to be most prominent in
vessels feeding the most affected muscle beds and include
rapid impairment of microvascular endothelial function, reduc-
tion of resting blood flow, and reduced conduit vessel luminal
diameter suggesting an increase in resting arterial tone. Fur-
thermore, studies with comparison groups that performed re-
cumbent exercise during the bed rest period consistently report
a blunting of adverse effects of strict bed rest on microvascular
function and conduit vessel homeostasis (1, 5, 8). Only one of
these studies concomitantly evaluated the inflammatory and
metabolic impact of severely restricted physical activity (7). In
that study, an acute insulin-resistant state developed in parallel
with endothelial dysfunction in these otherwise healthy sub-
jects. These data are in agreement with prior work demonstrat-
ing insulin resistance due to short-term physical inactivity (12).
When examined together, these data also suggest that physical
inactivity can acutely impart a metabolic syndrome-like state,
even in the absence of obesity.

In this issue of the American Journal of Physiology-Heart
and Circulatory Physiology, Navasiolava and colleagues (9)
employed a novel, “dry immersion” protocol to simulate
weightlessness for 7 days in a group of eight healthy volunteers

Table 1. Strict physical inactivity studies measuring endothelial function

Duration of Bed Conduit Vessel

Study N Rest, days Basal Conduit Vessel Function Microvascular Function ~ Blood Pressure Lipid Profile Insulin Sensitivity
Shoemaker et al., 20 14 N/A N/A Impaired postischemic No change in N/A N/A
1998 (11) hyperemia (10-min MAP
occlusion period,
arm)
Bleeker et al., 16 25 and 52 Reduced femoral Increased N/A No changes N/A N/A
2005 (1) artery diameter FMD
Hesse et al., 10 13 N/A N/A Impaired (forearm) No change in N/A N/A
2005 (8) MAP
Hamburg et al., 20 5 Reduced brachial ~ No effect on  Impaired by day 3 1 SBP 1 Triglycerides and Impaired by
2007 (7) luminal brachial and on day 5 in total cholesterol day 5
diameter FMD both forearm and
calf
Demiot et al., 16 56 N/A N/A Impaired post-bed rest No change in N/A N/A
2007 (5) in calf MAP
Navasiolava et 8 7 N/A N/A Impaired by day 7 1 DBP on No significant N/A
al., 2010 (9) day 1 changes (trend

increase in
triglycerides)

N, number of subjects; FMD, flow-mediated dilation; MAP, mean arterial pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; N/A, not

applicable (data not reported).
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to investigate the effects of extreme physical inactivity on
endothelial homeostasis. This protocol involves suspending
volunteers in an elastic waterproof film that suspends them in
a pool of water, more completely reducing muscle tonic activ-
ity relative to bed rest protocols by eliminating support stimuli.
Using laser Doppler and iontophoresis, the authors found that
basal skin blood flow and microvascular function began to be
impaired within 3 days of dry immersion. These data largely
confirm prior data from bed rest studies, consistently showing
an impairment of microvascular function with strict physical
inactivity.

The experimental results involving the measurement of
circulating microparticles and soluble biomarkers are novel
and provide interesting insight into potential mechanisms be-
hind physical inactivity-induced endothelial dysfunction.
While the mechanisms of microparticle formation remain in-
completely understood, they appear to originate from blebs in
the plasma membrane of endothelial cells, platelets, and leu-
kocytes. Elevations in circulating levels of microparticles rep-
resent increased cellular inflammatory activation and/or apo-
ptotic signaling and are associated with increased cardiovas-
cular risk (6). In the case of endothelial cells, both apoptosis
and factors also associated with the activation of endothelial
cell proinflammatory and prothrombotic phenotypes, including
low shear stress, inflammatory cytokines exposure, and exces-
sive oxidative stress, have been shown to lead to an increased
endothelial microparticle production (2). Endothelial micropar-
ticles also appear to be functional and can reduce local endo-
thelial nitric oxide bioavailability, thus impairing endothelial
function both locally and systemically.

Interestingly, Navasiolava and colleagues (9) showed that
circulating endothelial cell microparticles increased within 3
days of dry immersion, concomitant with the development of
microvascular dysfunction and impaired basal blood flow.
Furthermore, the adverse changes in endothelial cell homeosta-
sis occurred in the absence of evidence of endothelial inflam-
mation as measured by circulating E-selectin and leukocyte
and platelet activation as measured by microparticle levels.
While more definitive measurements of microparticle content,
mononuclear cell activation, and direct measurements of en-
dothelial cell inflammatory markers would have more clearly
defined the overall vascular homeostasis and inflammatory
state in the study participants before and during dry immersion,
their findings do suggest that physical inactivity-induced en-
dothelial dysfunction may at least in part originate from an
apoptotic-centered process rather than an inflammatory one.

Unfortunately, measurements of insulin sensitivity in this
study were not robust. The authors did measure fasting glucose
levels (which were unchanged throughout the study) and did
note a trend toward an increase in circulating triglyceride levels
during dry immersion. However, the study lacked a direct
assessment of insulin sensitivity. Simple measurements of
insulin sensitivity such as the insulin sensitivity index or
homeostatic model assessment tracked throughout the study
would have given a stronger sense of the timing of the onset of
insulin resistance relative the endothelial dysfunction. The lack

of evidence of inflammatory activation suggests that the onset
of insulin resistance either occurs in parallel or following the
development of endothelial dysfunction, but further evidence is
needed to corroborate this hypothesis.

The investigative groups that have gone through the effort
and expense to perform physical inactivity study protocols
should be commended for their efforts. This investigative
model has the potential to reveal the origins of vascular and
metabolic dysregulation in inactive humans given its ability to
rapidly induce both endothelial dysfunction and insulin resis-
tance in previously healthy individuals. Future work in this
area should concentrate on a broad measurement approach that
includes measurements of vascular function, insulin sensitivity,
and local and systemic inflammation to better elucidate the
origins of and relationships between these physical inactivity-
induced derangements.
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B3. ETUDE DES MODIFICATIONS CARDIO-VASCULAIRES INDUITES PAR

L'IMMERSION SECHE :

REPONSE CARDIO-VASCULAIRE A L'ORTHOSTATISME

L’immersion séche augmente la vasoconstriction cutanée a l'orthostatisme

“SKIN VASCULAR RESISTANCE IN STANDING POSITION
INCREASES SIGNIFICANTLY AFTER 7 DAYS OF DRY IMMERSION”

Navasiolava NM, de Germain V, Levrard T, Larina IM, Kozlovskaya IB, Diquet B, Le Bouil A, Custaud

MA, Fortrat JO. - Autonomic Neuroscience: Basic and Clinical 2010 Nov 9 [Epub ahead of print]

La peau peut étre considérée comme un lit vasculaire facile d’accés pour examiner les effets
cardio-vasculaires négatifs de la microgravité réelle et simulée.

L’objectif était d’étudier les effets de la position débout sur la microcirculation cutanée, ses
relations avec I'hémodynamique générale et sa régulation autonome avant et aprées
simulation de microgravité par immersion seche de 7 jours.

Le déconditionnement cardio-vasculaire était observé aprés immersion séche avec une
tachycardie plus importante en position debout. Cependant, la préservation inattendue de la
tolérance orthostatique dans cette étude par rapport aux études avec alitement prolongé
pourrait s’expliquer par l'effet d'une bréve stimulation orthostatique quotidienne durant la
période d'immersion.

Nous avons montré une élévation de la résistance vasculaire cutanée en position debout
apres immersion séche. Nous supposons que ce phénomene résulte de I'augmentation du
réflexe veino-artériolaire induite par la compression chronique des tissus en immersion

seche.
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Actual and simulated microgravity induces hypovolemia and cardiovascular deconditioning, associated with
vascular dysfunction. We hypothesized that vasoconstriction of skin microcirculatory bed should be altered
following 7 days of simulated microgravity in order to maintain cardiovascular homeostasis during active
standing. Eight healthy men were studied before and after 7 days of simulated microgravity modeled by dry
immersion (DI). Changes of plasma volume and orthostatic tolerance were evaluated. Calf skin blood flow
(laser-Doppler flowmetry), ECG and blood pressure signal during a 10-min stand test were recorded, and skin
vascular resistance, central hemodynamics, baroreflex sensitivity and heart rate variability were estimated.
After DI we observed increased calf skin vascular resistance in the standing position (12.0 + 1.0 AU—after- vs.
6.8 &+ 1.4 AU—before), while supine it was unchanged. Cardiovascular deconditioning was confirmed by
greater tachycardia on standing and by hypovolemia (—1643% at day 7 of DI). Total peripheral resistance
and indices of cardiovascular autonomic control were not modified. In conclusion, unchanged autonomic
control and total peripheral resistance suggest that increased skin vasoconstriction to standing involves
rather local mechanisms-as venoarteriolar reflex-and might compensate insufficient vasoconstriction of
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Autonomic nervous system
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Orthostasis

Cutaneous vasoconstrictor response
Cutaneous circulation

Local circulatory control
Cardiovascular control

Spontaneous baroreflex
P other vascular beds.
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1. Introduction

The need to counteract gravity has supplied the cardiovascular
system with regulatory mechanisms. They maintain adequate
perfusion of each organ despite postural changes. Reduced action of
gravity (during space flight or simulated microgravity) rapidly
induces hypovolemia and cardiovascular deconditioning (orthostatic
intolerance, reduced exercise capacity, and increased heart rate). A
number of mechanisms may contribute to cardiovascular decondi-
tioning (for a review see Convertino, 2002; Zhang, 2001). However,
vascular functions (Zhang, 2001) including microcirculation (Coupe
et al., 2009) are worthy of special interest. Vasoconstriction is needed
for cardiovascular homeostasis in standing position, while cardiovas-
cular deconditioning is associated with microcirculatory dysfunction,
promoted by physical inactivity and prolonged decrease in shear
stress forces (De Groot et al., 2006). Physical inactivity and modified

* Corresponding author. UMR CNRS 6214 - Inserm 771, Faculté de Médecine 49045
Angers cedex, France. Tel.: +33 241 73 58 41; fax: +33 241 73 58 95.
E-mail address: nastassia.navasiolava@etud.univ-angers.fr (N.M. Navasiolava).

1566-0702/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.autneu.2010.10.003

thermoregulation inherent to microgravity might alter directly skin
vascular functions. In this regard, skin microcirculation is of particular
interest not only because of easy access, but also because of systemic
consequences of vasomotricity of a vast vascular bed. In fact, overall
hemodynamics is dependent on how much blood is distributed to
skin. Under normothermic conditions, skin blood flow is about 5% of
cardiac output; however it can vary from nearly zero to as much as
60% of cardiac output (Rowell, 1974). However, most studies deal
with skin vasodilation. Indeed, actual and simulated microgravity is
known to attenuate skin vasodilation with respect to heating
(Crandall et al., 1994, 2003; Michikami et al., 2004), exercise
(Greenleaf, 1997) and pharmacological stimuli (Demiot et al., 2007).
Skin vasoconstriction in microgravity is less studied and data are
contradictory. Increased and unchanged skin vasoconstriction was
observed in response to various gravitational challenges (leg
lowering, lower body negative pressure and head-up tilt test) after
actual and simulated microgravity (Aratow et al,, 1991; Gabrielsen
et al.,, 1995, 1999; Gabrielsen and Norsk, 2007).

We hypothesized that vasoconstriction of skin microcirculation
should be altered following 7 days of simulated microgravity in order
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to maintain cardiovascular homeostasis during active standing, the
physiological gravitational challenge.

2. Materials and methods
2.1. Subjects

Eight healthy Russian men participated in the study. Their age, body
height and weight were 22.94+ 0.5 years old, 175+ 3 cm and 76 -4 kg
(mean 4 SEM). Based on their interview, they were non-athletic, but
they were also not sedentary: they had regular physical activity
resulting from their daily life, working occupation and leisure sport.
Eligible subjects were enrolled after a medical interview and thorough
examination. They were all without any cardiovascular, pulmonary, or
kidney disease, and were non-smokers. The volunteers were informed
about the procedures and gave their written consent to participate. The
experimental protocol was approved by the Russian National Commit-
tee on Bioethics of the Russian Academy of Sciences and conformed to
the standards set by the Declaration of Helsinki.

2.2. Simulated microgravity

Dry immersion (DI) is a simulation of microgravity largely used in
Russia. DI involves immersing the subject into thermoneutral water
(between 32 and 33 °C) covered with a special elastic waterproof
fabric film (Shulzhenko and Vil-Vilyams, 1976) (Fig. 1). The subject is
kept dry, since the film separates him from water. The subject thus
appears to be “freely suspended” in the water mass. The film is thin
and large enough to ensure that the water hydrostatic pressure is
equally distributed over the body surface, providing conditions
similar to complete lack of structural support (Grigor'ev et al.,
2004). The present study was undertaken at the Dry Immersion
Facility affiliated to the Institute of Biomedical Problems, State
Scientific Centre of Russia, Moscow, Russia.

All subjects remained at the Dry Immersion Facility for 11 days,
including two ambulatory control days before immersion (B —2

1 8

Fig. 1. Dry immersion method. The subject is separated from the water by waterproof
fabric.

and B —1), 7 days of immersion (DI 1-DI 7) and two recovery days
(R+1 and R+2). Subjects were immersed one after another.
During DI, the subjects remained in a supine position continuously
for all activities except for two 15 min long extractions at 9 a.m.
and 9 p.m. for weighing (in a standing position) and shower (in a
sitting position), which is common for DI protocols. The subjects
were continuously observed by video monitoring.

2.3. Hypovolemia and cardiovascular deconditioning

Change in plasma volume was determined by the Dill and Costill
method (Dill and Costill, 1974) based on hemoglobin and hematocrit
measurements (MEK 6318 hematological auto analyzer, Japan).
Antecubital venous blood was taken in the morning, before breakfast,
in the supine position on B—2, DI 3, DI 7.

Cardiovascular deconditioning induced by DI was evaluated by
estimation of orthostatic tolerance and heart rate (HR). Orthostatic
tolerance was evaluated by a specific 10-min active standing test at B—2
and R+ 1 (first rising after the end of DI) by another team (Eshmanova,
2009). HR was determined on the data obtained during the active
standing test on B—2,B—1, R+ 1 (first rising) and R+ 2.

2.4. Standing skin vascular resistance and central hemodynamics

Cardiovascular responses to active standing were studied before DI
(day B—1) and in the recovery period (day R 4 2). Assessments were
performed in the morning in a quiet room at ambient air temperature
of 24-26 ° C. The subject remained supine for 30 min, following which
data were recorded for 10 min. After this, the subject was asked to
stand up and to keep this position for 10 min. Active standing was
performed with continuous supervision and monitoring in order to
stop the test upon any signs of pre syncope (a feeling of faintness,
rapid drop in systolic blood pressure (SBP) more than 25 mm Hg, HR
more than 160 bpm). Should they feel any discomfort, the subjects
were advised to stop the test and lie down.

Skin blood flow was measured with laser-Doppler flowmetry. The
measurements were performed on the left leg at the calf level, with a
laser-Doppler multifiber probe (wavelength 780 nm) connected to a
laser-Doppler flowmeter (Periflux PF4001, Perimed, Sweden). Skin
temperature was controlled by monitoring with thermocouples 5 cm
apart connected to an electronic thermometer (BAT-12, Physitemp
Instruments, Clifton, New Jersey). In the supine position skin
temperature was maintained at the thermoneutral level between
33.5 and 34.5 °C by means of a blanket. Mean values for 10 min of
supine position and 10 min of standing for laser-Doppler flow (LDF)
were obtained. Skin vascular resistance (SVR) was estimated by
dividing mean blood pressure (MBP) by LDF, and expressed in
arbitrary units (AU), which is common for laser-Doppler method
(Okazaki et al., 2005).

Finger blood pressure wave (Finapres, Ohmeda, Englewood, Col.)
and standard ECG (Biopac, ECG 100 C, USA) were recorded continu-
ously and registered with the data acquisition system (Biopac MP 150,
USA). The finger cuff was maintained at the heart level. SBP and
diastolic blood pressure (DBP), and the R-R interval (RRi) at each beat
were extracted from the signal using a software package (Acknowl-
edge® 3.9.0). MBP was calculated as DBP + (1/3*(SBP — DBP). Stroke
volume (SV), cardiac output (CO) and total peripheral resistance
(TPR) were estimated from the blood pressure signal using the
modelflow® method (Beatscope® software, TNO, the Netherlands).
We performed power spectrum analysis of heart rate variability
(HRV) by Fast Fourier Transform using online software and service
(www.televasc.fr). Low frequency (LF; 0.04-0.15Hz) and high
frequency (HF; 0.15-0.40 Hz) power were determined and normal-
ized by the total power. Spontaneous baroreflex sensitivity (SBRs)
(Hughson et al., 1993) was calculated using online software and
service (www.televasc.fr). A spontaneous baroreflex sequence was
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defined as same-direction changes in RRi and SBP for at least three
beats. A linear regression was applied to each sequence and the mean
slope was taken as the spontaneous baroreflex sensitivity.

2.5. Urine sampling and analysis

Urine pools were collected over 24 h each day of the study, urine
volume was measured, and samples were stored at —20 °C pending
analysis. Normetanephrine concentration was determined by high-
pressure liquid chromatography with amperometric detection. The
limit of quantification of the method was 0.05umol L™' and the
coefficient of variation was 5%.

2.6. Data analysis

All values are presented as means + SEM. The data collected during
DI and in the recovery period were compared with data obtained
before DI. For statistical analysis, a Friedman test was used, followed
by post-hoc Wilcoxon signed-rank test if the global significant
differences were obtained. These non-parametric tests are appropri-
ate for matched pairs of data where the samples are related and a
normal distribution is not assumed. P values of less than 0.05 were
considered statistically significant. Analyses were performed with
SPSS 15.0 for Windows.

3. Results
3.1. Hypovolemia and cardiovascular deconditioning

A significant decrease in plasma volume was observed on the third
and seventh day of DI (—1544% and —16 & 3%, respectively, P<0.05).
One intolerant subject out of eight was found on R+ 1 while all the
subjects completed a 10-min active standing test before DI. Heart rate
in the standing position was significantly greater after DI (96 + 6 bpm at
B—1vs. 108 &6 bpm at R+ 2, P<0.05). At B—2 and R+ 1 heart rate in
the standing position was 86+4bpm and 128 +3 bpm (P<0.05),
respectively (Eshmanova, 2009). Resting heart rate did not change
significantly (6443 bpm at B—2 and 5943 bpm at B—1 vs. 72+
3 bpmatR+1and 6344 bpm at R+ 2) (Fig. 2).

3.2. Standing skin vascular resistance and central hemodynamics

Skin vascular resistance increased much more on R+2 in the
standing position (6.8 & 1.4 AU before vs. 12.0 £ 1.0 AU after, P<0.05),
whereas it was unaltered in the supine position (3.4+ 0.7 AU before
vs. 3.5+ 0.6 AU after). Standing calf skin temperature was signifi-
cantly lower for both days of measurements in comparison with
supine. However, there was no significant difference in skin
temperature before and after immersion, neither in supine position
(335+02°Con B—1 vs. 33.6+£0.2°C on R+2) nor in standing
position (31.74+0.9°Con B—1vs.31.9+04°Con R+2).

Standing position led to the expected changes in central
hemodynamics variables (increased HR, DBP and TPR, decreased SV,
and unchanged SBP and CO), as well as HRV spectral power and SBRs
(decreased HF, increased LF, and decreased SBRs) with no significant
difference between before DI (B—1) and after DI (R+2) (Table 1,
Fig. 2).

3.3. Urinary normetanephrine

Urinary normetanephrine was significantly increased on the first
and second days after DI (0.82 & 0.08 umol 24 h~! baseline vs. 1.03 &
0.16 umol 24h™' on R+1 and 0.99+0.12 umol 24h~! on R+2,
P<0.05) (Fig. 3).
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Fig. 2. Results of stand test before (B— 1) and after (R+2) 7 days of dry immersion:
skin vascular resistance (SVR), heart rate (HR), systolic (SBP) and diastolic (DBP) blood
pressure in supine and standing position. AU, arbitrary units; bpm, beats per min.
* Significant difference R+ 2 vs. B—1, P<0.05; # significant difference standing vs.
supine, P<0.05.

We did not notice any specific differences in the measured
parameters between the subject with orthostatic intolerance, and
seven other subjects.

4. Discussion

The major new finding of the present study was a more
pronounced increase in skin vascular resistance in standing position
after 7 days of dry immersion, while total peripheral resistance and
overall central hemodynamics were not significantly impaired.
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Table 1
Cardiovascular results of stand test.
Supine Standing Supine Standing
B—1 B—1 R+2 R+2
Stroke volume (ml) 927440 5054+4.9" 95.0+6.1 52.546.5*
Cardiac output (Lmin~') 5.56+0.43 4704032 5914052 548+0.57
TPR (dynes sec cm ™) 850480  1240+120* 8604120 1100+ 150*
SBRs (msec mm Hg ') 3748 9+ 1* 2643 7+1*
HF RRi normalized 054+0.03 0.16+0.02 049+0.04 0.18+0.04*
LF RRi normalized 05+0.03 0.84+0.02* 054004 0.8240.04*
LF/HF RRi 1114£020 6.22+£1.08* 1.15+£0.24 6.344147"

TPR, total peripheral resistance; SBRs, spontaneous baroreflex-response slope; HF, high
frequency band; LF, low frequency band; RRi, R-R interval; * significant difference
supine vs. standing, P<0.05.

4.1. Dry immersion

Dry immersion (DI) as a long-term microgravity model is widely
used in Russia. This model is less known in western countries where
prolonged head-down bed rest (HDBR) is preferred as simulated
weightlessness. The special features of DI are the absence of support
gradient and the constant water compression. Physical inactivity in DI is
very enforced due to acute limitation of the voluntary muscular activity,
reduction of gravitational stress on muscles, and also deep atonia. It has
been shown that in supportless conditions muscle tone diminishes
dramatically, especially the postural muscle tone (Grigor'ev et al., 2004).
DI induces centralization of body fluids mainly as a result of hydrostatic
compression. Also it was demonstrated that after initial decrease of
sympathetic activity in the first 12 h, DI is associated with increased
sympathetic activation (Eshmanova et al., 2008), which might promote
vasoconstriction.

4.2. Altered skin vasoconstriction: potential role of VAR

Orthostatic vasoconstriction is mediated by central (mainly
sympathetic) and local mechanisms. When standing up, lower body
venous pooling induces baroreflex-mediated sympathetic activation
and liberation of vasoconstrictive hormones, both leading to general
vasoconstriction. In addition to baroreflex control, vasomotor tone is
also increased by local mechanisms such as myogenic autoregulation
and venoarteriolar reflexes, which increase vascular resistance in
response to elevated local arteriolar and venular pressures, respec-
tively. We observed increase in urinary normetanephrine, which
suggests sympathetic activation after DI. However, it has been shown
that orthostatic stimulus does not increase sympathetic discharge to
skin as demonstrated by means of skin sympathetic nerve activity by
microneurography during lower body negative pressure (LBNP) and
head-up tilt test (Vissing et al., 1997; Cui et al., 2004; Wilson et al.,
2005). Moreover, unchanged spontaneous baroreflex sensitivity and
heart rate variability suggest absence of significant alteration in
cardiovascular autonomic control during our protocol. It is thus more
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Fig. 3. Variation in urinary normetanephrine before, during and after dry immersion;
* significant difference vs. B— 1, P<0.05.

likely that changes observed in skin microcirculation are due to local
mechanisms such as venoarteriolar reflex (VAR). Vissing et al. (1997)
have demonstrated the primary role of VAR in triggering vasocon-
striction in cutaneous circulation during upright posture. Gabrielsen
and Norsk (2007) observed an unchanged VAR after actual micro-
gravity while HDBR led to increased (Gabrielsen et al., 1999), or
attenuated (Wilson et al., 2003) VAR. These controversial conclusions
may not only result from the differences in studied models (actual
microgravity and HDBR) but also from the different procedures and
methods used to assess VAR. DI might provide interesting model in
order to clarify the role of VAR in the cardiovascular deconditioning.
Chronic hydrostatic compression inherent to DI might explain the
exaggerated VAR. Indeed, long-term elastic compression therapy is
known to improve impaired VAR (Mancini et al., 2003; Belcaro et al.,
1988, 1993).

4.3. Altered skin vasoconstriction: potential role of endothelial dysfunction

Another local factor which might act on vasoconstriction is
endothelial control. Endothelium maintains fine balance between
vasoconstriction and vasodilation. Simulated microgravity, being
associated with physical inactivity, is known to induce endothelial
dysfunction (Hesse et al., 2005; Demiot et al., 2007; Hamburg et al.,
2007). DI was shown to impair endothelial vasodilative properties at
the skin level (Navasiolava et al., 2010). The reduction of endothelial
“vasodilative tone” might shift the balance towards vasoconstriction.
Consistently, a decrease in plasma NO release was shown after 14-day
HDBR, whereas MSNA was increased (Kamiya et al., 2000), which
supports the idea of vasoconstrictor-vasodilator imbalance following
simulated microgravity.

4.4. Integrative physiology: total peripheral resistance, overall
central hemodynamics

We observed that exaggerated skin vasoconstriction to standing
was after DI, while TPR was maintained at the initial level. This
combination of increased skin vasoconstriction and unchanged TPR
suggests that other territories (probably, splanchnic and skeletal
muscles vascular beds) fail to provide efficient vasoconstriction after
DI. In simulated microgravity, vascular adaptation in the different
vascular areas might differ depending on hemodynamic changes
induced by the fluid shift (Pavy-Le Traon et al., 2007).

In conclusion, 7 days of DI increased calf skin vascular resistance in
the standing position. Changes observed for skin microcirculation are
most likely due to local mechanisms such as venoarteriolar reflex and/
or endothelial impairment. Unaltered total peripheral resistance
might indicate that increased skin vasoconstriction compensates
insufficient vasoconstriction in other vascular beds.
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B4. ETUDE DES MODIFICATIONS CARDIO-VASCULAIRES INDUITES PAR
L'IMMERSION SECHE :

METABOLISME HYDRO-SODE ET SA REGULATION HORMONALE

L’immersion seche engendre rapidement un nouvel état d’équilibre hydro-sodé

“NT-proBNP LEVELS, WATER AND SODIUM HOMEOSTASIS IN HEALTHY MEN:
EFFECTS OF 7 DAYS OF DRY IMMERSION”

Navasiolava N, Pajot A, Gallois Y, Pastushkova L, Kulchitsky V, Gauquelin-Koch G, Kozlovskaya I,

Heer M, Hand O, Larina I, Custaud MA. - European Journal of Applied Physiology (soumis)

Les effets initiaux de limmersion sur les liquides corporels sont assez bien connus. En
revanche, les effets de l'immersion sur une plus longue durée restent moins étudiés. Nous
avons montré que I'immersion séche engendre rapidement un nouvel état d'équilibre hydro-
sodé. L'immersion ré-étalonne la «valeur seuil » du volume plasmatique a un niveau
hypovolémique.

Aprés la diurése et la natriurése aigles au premier jour d'immersion, I'excrétion de sodium
revenait au niveau initial. Dés la seconde journée, 'homéostasie hydrique était rétablie. La
consommation d’eau dans ce protocole était imposée et ne variait pas, mais en conditions
d’'immersion, les systemes de régulation la considéraient comme excessive. L’excrétion
d’eau était augmentée, d'ou la diminution de la balance hydrique partielle et 'augmentation
de la clairance d’eau libre pendant I'immersion. L'absence de changement significatif des
taux de rénine et d’aldostérone plasmatiques au troisieme jour d'immersion démontrait que
vers cet instant, les redistributions majeures hydro-sodées étaient déja achevées et que la
régulation s'était stabilisée.

Pendant la période de récupération, nous avons observé une augmentation significative du
NT-proBNP. Cette augmentation pourrait refléter le niveau de déconditionnement cardiaque.

D’autres études sont a effectuer pour déterminer la valeur possible du NT-proBNP comme

un marqueur biologique du déconditionnement cardio-vasculaire.
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Abstract

Immersion is a useful tool for studying fluid-volume homeostasis. Natriuretic peptides play a
vital role in renal, humoral, and cardiovascular regulation under changing environmental
conditions. We hypothesized that dry immersion would rapidly induce a new steady state for
water and sodium metabolism, and that serum NT-proBNP levels, a proxy measure for brain
natriuretic peptide (BNP), would decrease during long-term dry immersion and increase
during recovery. Eight healthy young men were studied before, during, and after seven days
of dry immersion. Body weight, water balance, and plasma volume changes were evaluated.
Plasma and serum samples were analyzed for active renin, NT-proBNP, aldosterone,
electrolytes, osmolality, total protein, and creatinine. Urine samples were analyzed to
determine levels of electrolytes, osmolality, creatinine, and free cortisol. A stand test was
performed before and after dry immersion to evaluate cardiovascular deconditioning. Long-
term dry immersion induced acute changes in water and sodium homeostasis on day 1,
followed by a new steady state. Plasma volume decreased significantly during dry immersion.
The serum levels of NT-proBNP increased significantly in recovery (10 £ 3 ng/L before dry
immersion vs. 26 £ 5 ng/L on the fourth recovery day). Heart rate in the standing position was
significantly greater after immersion. Results suggest that chronic dry immersion rapidly
induced a new level of water-electrolyte homeostasis. The increase in NT-proBNP levels
during the recovery period may be related to greater cardiac work and might reflect the degree

of cardiovascular deconditioning.

Keywords: plasma volume, simulated weightlessness, natriuretic peptides, water immersion,

body fluid regulation, deconditioning



Introduction

Water immersion is widely used in fundamental studies of renal physiology and fluid-volume
homeostasis (Epstein 1996; Greenleaf 1984). The early effects of water immersion on body
fluids are well known. Hydrostatic compression of superficial tissues and vessels lowers
peripheral vascular capacity and causes continuous transcapillary reabsorption, resulting in
the prompt redistribution of circulating blood with a relative central hypervolemia. Fluid
centralization and increased stroke volume triggers an adaptive response with high natriuresis
and diuresis. This response is associated with an increase in atrial natriuretic peptide (ANP)
and suppression of arginine vasopressin (AVP) and the renin-angiotensin-aldosterone system.
The maximal fluid loss with water immersion occurs during the first few hours (Epstein 1996,
Somody et al. 1999, Stadeager et al. 1992). However there have been fewer studies on the

long-term effects of water immersion on body fluids.

Modifying the water immersion protocol by separating the subject from the water with an
elastic fabric allowed the experimental period to be lengthened and led to creation of the dry
immersion (DI) method (Shulzhenko and Vil-Vilyams 1976). Dry immersion closely
reproduces the centralization of body fluids and mechanical and support unloading observed
in microgravity (Grigor’ev et al. 2004; Shulzhenko and Vil-Vilyams 1976). It is characterized

by enforced physical inactivity (Grigor’ev et al. 2004).

Atrial natriuretic peptide and brain natriuretic peptide (BNP) are the members of the
natriuretic peptides family directly involved in water-electrolyte regulation. Their physiologic
actions include an increase in natriuresis and a decrease in systemic vascular resistance and
central venous pressure. Both peptides are released from cardiac myocytes in response to
acute cardiothoracic hypervolemia and stretching. Indeed, acute wall stretch induces

activation of the BNP gene expression within 1 hour (Tokola et al. 2001). Natriuretic peptides



also reflect changes in cardiac wall stress in cases of chronic heart failure (Tokola et al. 2001).
Inactive NT-proBNP (N-Terminal proB-type Natriuretic Peptide) is cleaved from the
precursor peptide proBNP and is co-secreted in equimolar proportion to BNP. Compared to
BNP, measurement of NT-proBNP is more reliable because of its longer half-life of 60-120
minutes versus 22 min for BNP, its stability (Cauliez et al. 2005), and lower intra-individual
variations (Wu et al. 2003). Longer half-life is related to the differences in the elimination;
NT-proBNP is excreted by the kidneys whereas BNP is mainly eliminated by a neutral

endopeptidase and by a clearance receptor (NPR-C) (Cauliez et al. 2005).

Models of microgravity induce changes in blood volume and hemodynamic conditions. It is
well known that initial phase response is an increase in ANP secretion (Epstein 1996).
However, long-term effect and recovery effect are less known. During long-term immersion,
decreases in plasma volume (Gogolev et al. 1980) and in cardiac load (decreased stroke
volume, Shulzhenko et al. 1980) are observed. In recovery, plasma volume and cardiac work

increase. All these changes might influence natriuretic factors.

The aim of this work was to study day-by-day water-electrolyte and volume homeostasis in
healthy men under long-term dry immersion, with emphasis on NT-proBNP levels, a proxy
measure of BNP. We hypothesized that DI would rapidly reset water and sodium metabolism
to a new steady state with a stable decrease in blood volume and that NT-proBNP levels

would decrease during long-term DI and increase in the recovery period.



Methods

Dry immersion method

Dry immersion involves immersing the subject into thermoneutral water covered with a
special elastic waterproof fabric film (Shulzhenko and Vil-Vilyams 1976). The subject is kept
dry, since the film isolates the body from the water. The film is thin and large enough to
ensure that the water’s hydrostatic pressure is equally distributed over the body surface,
providing conditions similar to the complete lack of structural support experienced in

microgravity.

Subjects

The investigation involved eight healthy non-smoking men (age 22.9 £ 0.5 years, height 175
+ 3 cm, weight 76 + 4 kg, mean = SEM). Based on their interview, they were non-athletic, but
not sedentary: they had regular physical activity resulting from their daily life, occupation,
and leisure sport. Subjects were enrolled after a thorough medical examination. All volunteers
gave their informed consent in writing, in compliance with the Helsinki Declaration. The
experimental protocol was approved by the Committee of Biomedicine Ethics of the Russian

Academy of Sciences.

Procedures

The protocol used in this study is schematized in Figure 1. All subjects remained at the Dry
Immersion Facility of the Institute of Biomedical Problems (Moscow, Russia) for 11 days,
including two ambulatory control days before immersion (B-2 and B-1), seven days of dry
immersion (DI 1 — DI 7), and two recovery days (R+1 and R+2). In addition, subjects
returned to the facilities for 24 hours for urine collection on R+3 and blood sampling on R+4

and R+7. The subjects were immersed one after another. During immersion, they remained in



a supine position for all activities, except for two 15-minute periods for weighing (in a
standing position) and hygienic procedures (at 9 a.m. and 9 p.m.). The water temperature was
set between 32 and 33°C. The subjects were continuously observed by video monitoring.
During immersion, daily caloric intake was 2270 + 50 kcal, whereas before and after
immersion it was 2880 + 60 kcal. Water and salt consumption, normalized to body weight,
were held constant throughout the experiment (before, during, and after immersion), as was
protein intake. Total water consumption was 50 ml/kg/day (about 3.7 L/day), with direct
water intake — drinking water, tea (without theine), juice - of about 2.6 L/day. Dietary sodium
was set to 2.8 mmol/kg/day, daily calcium intake was adjusted to 1000-1150 mg, and protein

intake to 1.15 g/kg/day.

The level of physical load before baseline, during baseline, and during recovery was not
measured. However, daily physical activity was similar during these periods. The subjects did
not exercise or perform heavy physical work before and after immersion. The tests with
physical loads included 10-min active standing (on B-2, B-1, R+1, and R+2), and assessment
of the kinematic characteristics of walking (on B-2 and R+3), and did not involve strenuous
physical efforts. We postulate that physical load was approximately the same before and after

immersion.

Sample collection and analyses

Blood sampling

Antecubital venous blood was taken in the morning before breakfast on B-2, DI 3, DI 7, R+4,
and R+7 as the subjects rested in a supine position. Blood sampling in control and recovery
periods was also performed after the subject had rested in the supine position for 30 min.

Plasma (EDTA) and serum samples were immediately prepared and stored at -80°C until



analysis. Samples were analyzed for active renin, NT-proBNP, aldosterone, electrolytes (Na®,

K™), osmolality, proteins, and creatinine.

Calculation of changes in plasma volume

Hemoglobin and hematocrit levels were determined immediately after blood collection using
an MEK 6318 hematological auto analyzer (Nihon Kohden, Japan) to calculate percentage
changes in plasma volume (delta plasma volume, DPV) using the Dill and Costill method:
DPV (%) = 100 x [HbB (1- 0.01Hcti) / [Hbi (1- 0.01HctB)] — 100 1)

In equation (1), HbB and HctB are hemoglobin and hematocrit levels at baseline, and Hbi and

Hcti are the corresponding values on DI 3, DI 7, and R+4.

Urine sampling

Urine pools were collected over 24 hours each day of the study, then measured and stored at
-20°C. The partial water balance was defined as the difference between consumed water and
urine volume. Urine samples were analyzed to determine levels of electrolytes (Na*, K),
osmolality, creatinine content, and free cortisol. Creatinine, free water, and osmolal
clearances were estimated on B-2 (using the 24-hour urine sample from B-2 and the morning
blood sample on B-2), on DI 2 (using the 24-hour urine sample from DI 2 and the morning
blood sample on DI 3), on DI 6 (using the 24-hour urine sample from DI 6 and the morning
blood sample on DI 7), and on R+3 (using the 24-hour urine sample from R+3 and the

morning blood sample on R+4).

Biochemical analyses
Active renin analysis was performed using a chemiluminescence immunoassay with two

specific monoclonal antibodies and a commercial kit (DiaSorin) on the fully automated



"Liaison" analyzer (DiaSorin). Intra-assay and inter-assay variabilities were 2.6% and 7.3%.
Plasma aldosterone levels were determined by a competitive radioimmunoassay (RIA) using a
commercially available RIA kit (Immunotech, a subsidiary of Beckman Coulter) following
the manufacturer's instructions. Intra-assay and inter-assay variabilities were 11.4% and
16.7%. Levels of NT-proBNP were evaluated by an electrochemiluminescence immunoassay
using two monoclonal antibodies and a commercial kit (Roche); inter-assay variability was
4%. Urinary free cortisol was detected by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) with an Applied Biosystems/MDS Sciex Api 3000 triple quad mass
spectrometer equipped with a turbo ion spray source; intra-assay and inter-assay variabilities
were 3.1% and 10.7%. Plasma and urine osmolality were measured by freezing-point
depression relative to pure water. Intra-assay and inter-assay variabilities were 0.6% and
1.1%. All the other parameters from the blood and urine samples were evaluated using
commercially available kits (Roche) on the Roche/Hitachi "Modular” automated clinical
chemistry analyzer. Sodium and potassium values were measured with ion selective
electrodes with intra-assay variability less than 0.5% and inter-assay variability less than
1.3%. Creatinine concentrations were measured by a modified Jaffe reaction to obtain high
sensitivity and better precision; intra-assay and inter-assay variabilities were 0.7% and 2.3%
for blood samples and 1.1% and 1.2% for urine samples. The total protein concentration was
measured by a colorimetric assay with a Biuret reagent. Intra-assay and inter-assay variability

were 0.7% and 0.95%.

Stand test
A ten-minute active standing test was performed on day B-2 and R+1 (first rising after the end
of DI) by another team (Eshmanova 2009) and on day B-1 and R+2 - by our team. The stand

test was performed in the morning in a quiet room at an ambient air temperature of 24-26°C.



The subjects were first placed in a supine position and allowed to rest for at least 30 min, and
then data were recorded from this resting supine position for 10 minutes. Afterward, the
subjects were asked to stand up. A 10-minute stand test was performed with continuous
monitoring in order to stop the test upon any signs of presyncope. Blood pressure was
measured throughout using the volume clamp method with a non-invasive finger cuff device
on the third finger of the left hand (Finapres, Ohmeda, Englewood, Col). The finger cuff was
maintained at the heart level in both supine and standing positions. To obtain the heart rate, a
standard ECG was recorded continuously. For each studied parameter, mean values were

obtained for 10 min in the supine and standing positions.

Data analysis

The data obtained during immersion and in the recovery period were compared with
individual baseline data (controls). All values are presented as mean + SEM. For the statistical
analysis, a Friedman test was first used, followed by a post-hoc Wilcoxon signed-rank test if
significant differences were obtained. These non-parametric tests are appropriate for matched
pairs of data where the samples are related and a normal distribution is not assumed. Values
of p<0.05 were considered to be significant. Analyses were performed using SPSS 15.0 for

Windows.



10

Results

At baseline, the values for all studied parameters were within normal limits. The seven days
of dry immersion were well tolerated. All subjects, however, experienced backache at the
beginning that disappeared by the third or fourth day of immersion. Body weight had already
decreased significantly at the end of the first day of DI and continued declining until the
seventh day (76.1+4.1 kg on B-1 vs. 75.2+4.2 kg on DI 1 vs. 73.8+4.0 kg on DI 7, p=0.017
and 0.01). Body weight increased significantly from DI 7 to R+1 (74.6+4.2, p=0.034). We
also observed a significant decrease in plasma volume on the third and seventh days of
immersion (-15+4% and -16+3%, respectively, p=0.012) (Fig. 2). Levels of serum Na*, K",
proteins, creatinine and osmolality remained within normal values for all measurements

(Table 1).

One intolerant subject was found on R+1 while all the subjects completed a 10-min active
standing test before DI and on R+2. Heart rate in the standing position was significantly
higher after DI compared to baseline. On B-2 and R+1 it was 86+4 bpm and 128+3 bpm
(p<0.05), respectively (Eshmanova 2009); on B-1 and R+2 it was 96+6 bpm and 108+6 bpm
(p=0.036), respectively. Resting heart rate measured in the supine position did not change
significantly (64+3 bpm at B-2 and 59+3 bpm at B-1 vs. 72+3 bpm at R+1 and 63+4 bpm at
R+2, p>0.05). Mean blood pressure on the second day of recovery did not differ significantly
from the control values either in the supine (80+3 mmHg on B-1 vs. 81+4 mmHg on R+2,

p>0.05), or in the standing position (90+6 mmHg on B-1 vs. 90+5 mmHg on R+2, p>0.05).

Water consumption did not differ significantly throughout the entire experiment period. Daily
diuresis was significantly increased on the first day of immersion (2 times vs. B-1, p=0.012)

(Table 2), and a negative partial water balance was observed on this day (p=0.01) (Fig. 3).
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Daily diuresis and partial water balance remained stable between DI 2 and DI 7 (Table 2, Fig.
3). On R+1 we observed a significant 30% decrease in diuresis (p=0.025) and increase in
water balance (p=0.018) (Table 2, Fig. 3).

Free water clearance was significantly increased on DI 2 and DI 6 (0.18+0.4 ml/min on DI 2
and 0.04+0.14 ml/min on DI 6 vs. -0.70£0.19 ml/min on B-2, p=0.01); on R+3 it did not

differ significantly from the baseline. Osmolal clearance was not modified.

On the first day of DI a significant increase in urinary sodium loss was observed (p=0.018),
followed by a significant decrease on R+1 (136£13 mmol/24h on B-1 vs. 278+33 mmol/24h
on DI 1 vs. 679 mmol/24h on R+1; p=0.028) (Fig. 3). Urinary potassium loss was not
modified (Table 2). The urinary Na*/K" ratio increased significantly only on DI 1 (p=0.018)
and did not differ from the baseline during the remainder of the immersion period. Recovery
was accompanied by a decrease in the Na*/K" ratio (significant on R+2, p=0.018) (Table 2).

Urinary osmolality was significantly reduced for all seven days of immersion (p=0.01 to
0.04), with recovery on R+1 (Fig. 3). Urinary creatinine did not change significantly (Table

2). Creatinine clearance was not modified.

Plasma active renin and aldosterone were statistically unchanged from the basal level on DI 3,
DI 7, R+4 and R+7 (Fig. 4). Urinary free cortisol was significantly increased only on DI 1 vs.
B-1 (Table I1). During DI NT-proBNP levels tended to decrease but did not change
significantly. We observed a significant increase in serum NT-proBNP levels in the recovery

period (10£3 ng/L on B-2 vs. 265 ng/L on R+4, p=0.036).
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Discussion

During this DI study, we observed acute natriuresis and diuresis on day 1 of dry immersion,
followed by a new steady state for water and electrolyte homeostasis. Plasma volume was
significantly decreased at DI 3 and remained stable at DI 7. Heart rate in the standing position
was significantly higher after dry immersion. During dry immersion NT-proBNP levels did

not change significantly, although they did increase significantly during the recovery period.

Tolerance of DI and general effects

Dry immersion was well tolerated. The urinary free cortisol was elevated significantly only on
the first day - probably reflecting the emotional stress at the beginning of immersion - but not
thereafter. Long-term dry immersion induces cardiovascular deconditioning syndrome (lwase
et al. 2000) as evidenced in this study by the increased tachycardia in the standing position
during the recovery period. Long-term dry immersion also induces muscular atrophy related
to enforced physical inactivity and absence of support (Grigor’ev et al. 2004). The slight
increase in plasma creatinine during DI is probably related to muscular changes rather than

changes in renal functions, however creatinine clearance remains stable.

New steady state for sodium and water homeostasis between DI 2 and DI 7

Water and sodium

The osmolality of plasma and interstitial fluid is determined mainly by sodium. As it is the
major extracellular cation, 85% of effective osmotic pressure depends on sodium and counter
anions. So regulation of extracellular fluid osmolality can be schematically seen as

maintaining the water-to-sodium ratio.
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Acute losses of water and sodium with increased urinary Na*/K" ratio and decreased urinary
osmolality on DI 1 are in accordance with previous results (Epstein 1996; lunusov et al. 1985;
Somody et al. 1999). The focus of this current study was to examine chronic changes rather
than acute ones.

Between DI 2 and DI 7, both sodium excretion and the urinary Na'/K" ratio returned to pre-
immersion level. While water consumption remained unchanged, a new homeostasis of water
balance was established, with increased water excretion compared to the baseline period. This
was manifested as a stable diminution in partial water balance between DI 2 and DI 7. Free
water clearance estimated on DI 2 and DI 6, was increased, while osmolal clearance was not
modified, suggesting that water intake during DI was considered as excessive relative to the
new set points of active homeostatic control mechanisms. In other words, the same water
consumption was treated as an increased water load. The decrease in urine osmolality and the
increase in free water clearance imply a reduction in the urine concentration function of the
kidneys in chronic immersion.

The absence of significant changes in plasma active renin and aldosterone relative to pre-
immersion controls indicates that by that time the major redistributions were over, and

regulation of osmotically active substances, water and electrolytes had already stabilized.

New level of plasma volume

Actual and simulated microgravity are known to re-establish plasma volume to a new lower
set point (Truijen et al. 2010). In our protocol, the reduced plasma volume established by DI 3
(-15%) remained stable by DI 7 (-16%). The estimated plasma loss was in accordance with
other DI studies. Gogolev et al. (1980) found a 12% decrease in plasma volume after the first

day and a 16% decrease on the fourth day of DI.
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Significance of the NT-proBNP increase during the recovery period

During the DI recovery, we observed a significant increase in NT-proBNP levels. Brain
natriuretic peptide is produced by cardiac myocytes in response to an increase in cardiac wall
stress.

Augmented cardiac work can increase BNP level in healthy subjects; in fact, an increase in
the BNP pathway has been observed after strenuous exercise in endurance athletes (Scharhag
et al. 2008).

In our study, the increase in NT-proBNP levels during the recovery period may be related to
an increase in cardiac work during this period. Cardiac work depends primarily on wall
properties and on heart rate. After exposure to dry immersion, cardiac wall properties might
be impaired. To our knowledge, direct data on human cardiac muscle properties during and
following DI are still lacking. However, recent bed rest studies indicate that the heart adapts
to reduced myocardial work and loading conditions by an early decrease in left ventricular
end diastole volume (Levine et al. 1997, Truijen et al. 2010) and then by a delayed reduction
in muscle mass (Perhonen et al. 2001). During the recovery period we could postulate that
when the subjects return to normal activity, the cardiac wall stress in turn increases with this
remodeled cardiac wall.

Moreover, the tachycardia, which is characteristic of cardiovascular deconditioning, also
directly increases the cardiac load. In the recovery period, the usual daily load seems to be
excessive for a deconditioned heart after seven days of dry immersion. Thus, this increase in
cardiac load during the recovery period might be related to the level of cardiovascular
deconditioning.

The other major symptom of cardiovascular deconditioning is a decrease in maximal oxygen

uptake (V O, max). A specific measurement of exercise performance (V O, max) was not
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performed in our study. However, in another 7-day dry immersion trial, the post-immersion

\;02 max decreased by 10.4 % as measured by cycle ergometry (Anashkin and Beliaev
1982). Thaman et al. (2006) demonstrated that VO, max was inversely correlated with NT-
proBNP levels in patients with hypertrophic cardiomyopathy, suggesting that this biomarker
measurement may be a reliable surrogate for assessing exercise performance. As the recovery
period is considered as a return to normal activity levels, NT-pro BNP levels might be used to
evaluate both the degree of cardiovascular deconditioning and exercise performance.

During dry immersion, NT-proBNP exhibited a decreasing trend that did not reach statistical
significance. Contrary to our hypothesis, the decrease in cardiac load during dry immersion

was not sufficient to induce a significant decrease in NT-proBNP.

Limitations of the study

The two daily standing sessions for weighing and hygiene could influence hemodynamic,
hormonal, and electrolyte responses induced by dry immersion. However, DI experimental
design classically includes authorized daily short-term standing with minimal physical
activity. The effects of this brief standing might be limited compared to the effects of
prolonged DI. Besides, plasma volume changes were only estimated indirectly. However, the
Dill and Costill method had been validated in a bed rest model (Belin de Chantemele et al.
2006). We can assume that it is also applicable in DI. We interpret the increase in NT-
proBNP in the recovery period as the result of the increase in cardiac work. However, cardiac
work was only partially estimated by the increase in heart rate in the standing position. Our

findings should be interpreted in light of these considerations.

In summary, our results suggest that chronic immersion rapidly induces a new level of water-

electrolyte homeostasis. Increases in NT-proBNP levels during the recovery period may be
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related to an increase in cardiac work during the normal daily load induced by increased
cardiac wall stress and increased heart rate. NT-proBNP levels might reflect the degree of
cardiovascular deconditioning after enhanced physical inactivity. Further studies aimed at
determining the possible value of NT-proBNP as an index of cardiovascular deconditioning

are clearly warranted.
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Tables

Table 1. Blood biochemistry before, during and following dry immersion

B-2 D13 D17 R+4 R+7
Na* (mM) 141.9+0.7 138.3x1.6 139.1+1.4 140.5+0.7 139.5+1.2
K" (mM) 4.2+0.07 4.41+0.12 4.4+0.06* 4.01+0.03 4.1+0.12
Proteins (g/L) 78.4+1.3 78.6x2.3 75.9+16 75.9+1.5* 76.9x1.9
Creatinine (uM) 87.8+2.3 98.8+4.1* 96.3+2* 95.3+4.2 88.5+4.9

Osmolality (mOsm/kg) 296+1.7  289+4.2  284+4.7* 288+2.8 292+4.4

B, baseline; DI, dry immersion; R, recovery; values are means = SEM, * p<0.05 vs. baseline.



22

Table 2. Urine biochemistry before, during, and following dry immersion

B-2 B-1 DI1 DI 2 DI 3 Dl 4 DI 5 Dl 6 D17 R+1 R+2 R+3
K* 58+6 4916 5948 40+4 48+4 56+8 635 64+5 5949 51+6 59+4 67+11
(mmol/24h)
Na'/K* 3.2+£0.5 2.9+0.3 4.8+0.2* 3.3x0.4 2.9+0.2 2.6x0.1 2.2+0.1 2.3+0.1 2.2+0.3 1.8+0.7 1.5+0.2* 2.1+0.2
ratio
Creatinine 12.2+1.1 11511 12,711 11.6+0.9 11.8+1 12.2+1.1 13.8+1 13.9+0.8 10.3+0.8 119416 12.6+£1.2 11.6+1.9
(mmol/24h)
UFC 23+3 23+2 53+£10* 3144 304 3145 2813 2914 2312 3014 2543 20£3
(Hg/24h)

Diuresis 1600+£160 1840+230 3820+380* 2710+280* 2650+300* 2680+280* 2670+230* 2810+200* 2810+300* 1300+90* 1640+210 1550+200
(ml/24h)

Water 3770£210 3710+210 3700+240 3620+250 3570+200 3710+230 3650+180 3610+180  3580+300 3800+210 3800+210 3610+210
intake

(ml/24h)

B, baseline; DI, dry immersion; R, recovery; UFC, urinary free cortisol; values are means = SEM, * p<0.05 vs. B-1
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Legends for figures

Figure 1. The protocol. B-2 and B-1, baseline days; DI 1-DI 7, days of dry immersion; R+1 —
R+7, recovery days; circles, days of blood and urine sampling; arrows, days of active
orthostatic test

Figure 2. Plasma volume variations. Values are means £ SEM; * significant difference vs.
baseline, p<0.05

Figure 3. Variation over time in partial water balance, urinary sodium, and urinary
osmolality. B, baseline; DI, dry immersion; R, recovery; values are means * SEM; *
significant difference vs. B-1, p<0.05

Figure 4. Variation over time in levels of NT-proBNP, active renin, and aldosterone in
plasma and serum. B, baseline; DI, dry immersion; R, recovery; values are means = SEM; *

significant difference vs. B-2, p<0.05
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Figure 1. The protocol. B-2 and B-1, baseline days; DI 1-DI 7, days of dry immersion; R+1 —

R+7, recovery days; circles, days of blood and urine sampling; arrows, days of active

orthostatic test

/ Facility \
Dry immersion
Blood sampling% 8 8 O O
Urine sampling OO0 OO0 OO0
B-2|B-1|(|DI1|DI2|p13|DI4|DI5|DI6|DI7||R+1|R+2|R+3| R+4| R+7

‘ 10-min stand test
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Figure 2. Plasma volume variations. DPV, delta plasma volume. Values are means + SEM;

* p<0.05 vs. baseline
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-10 F

DPV (% baseline)
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Figure 3. Variation over time in partial water balance, urinary sodium, and urinary

osmolality. B, baseline; DI, dry immersion; R, recovery; values are means *

* significant difference vs. B-1, p<0.05
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Figure 4. Variation over time in levels of NT-proBNP, active renin, and aldosterone in
plasma and serum. B, baseline; DI, dry immersion; R, recovery; values are means + SEM,;

* significant difference vs. B-2, p<0.05
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D. Modifications vasculaires ultrastructurelles

61






A. NECESSITE DES MODELES ANIMAUX DE MICROGRAVITE

Le modele animal demeure un modele d’étude nécessaire

“WHAT ARE THE FUTURE TOP PRIORITY QUESTIONS IN CARDIOVASCULAR
RESEARCH AND WHAT NEW HARDWARE NEEDS TO BE DEVELOPED?”

Navasiolava N, Custaud MA. - Respiratory Physiology & Neurobiology 169 Suppl 1:S73-74, 2009

Le modéle animal demeure nécessaire pour les études de physiopathologie et les tests de
contremesures potentielles. Les contremesures actuellement utilisées ou en cours
d'évaluation pour le systéme cardio-vasculaire sont essentiellement des contremesures
physiques (LBNP / exercice physique / centrifugation). Le modéle animal permet de tester de
nouvelles contremesures, en particulier pharmacologiques. Un travail important reste a
conduire sur ce modéle. Si les effets cardio-vasculaires, en particulier sur le remodelage
vasculaire, ne font plus de doute, I'équivalent d’'un déconditionnement cardio-vasculaire chez

I'animal reste a prouver.
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community.

The final discussion that took place at the Cardiovascular Workshop in Strasbourg in November 2008
identified the following priorities for our future research and the need to develop new dedicated cardio-
vascular devices. Knowledge and treatment of cardiovascular deconditioning remain limited. The prospect
of very long duration space flights could lead to the emergence of new cardiovascular risks. We need to
maintain our efforts to standardize our experimental protocols and analysis equipment. We continue to
rely on animal models for cardiovascular research. To continue our studies we recommend developing
specific tools for the space environment so that they can be made available to the scientific and medical

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The field of life sciences in microgravity is closely linked to
Man’s exploration of space. The work of our scientific community
is intended to be directly applied to space medicine. These studies
are also being conducted as part of a more fundamental approach,
in order to understand how gravity affects physiology. We should
not forget that gravity has shaped life over hundreds of millions of
years. Both real and simulated microgravity conditions are being
used for physiology research models.

The cardiovascular system is particularly sensitive to environ-
mental conditions, especially gravity, and the countermeasures
currently in use do not go far enough to prevent cardiovascular
disorders being caused by the space environment.

For space agencies and research teams that study how the space
environment alters the cardiovascular system, the last few years
have been very significant:

- in terms of resources deployed (with international programs to
simulate microgravity on the ground and the launch and com-
missioning of the Columbus module in the International Space
Station);

- in terms of the international context, particularly with the devel-
opment of an ambitious Chinese space program alongside long

7 This paper is part of a supplement entitled “Cardio-Respiratory Physiology in
Space”, guest-edited by P. Norsk and D. Linnarsson.

* Corresponding author at: Dept of Integrated Neurovascular Biology, UMR CNRS
6214 - INSERM U771, Faculté de Médecine, Rue Haute de Reculée, 49045 Angers,
France. Tel.: +33 2 41 35 36 89; fax: +33 2 41 35 50 42.

E-mail address: macustaud@chu-angers.fr (M.A. Custaud).

1569-9048/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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term programs from NASA, from the Russian Space Agency and
from the European Space Agency;

- in terms of objectives, with a shift towards long duration flights,
Man’s return to the Moon and preparations for a mission to Mars.

This paper summarizes the discussion that took place at the Car-
diovascular Workshop in Strasbourg in November 2008 to identify
priority research themes and the new systems to be developed for
studying the cardiovascular system in microgravity.

2. Research themes to be pursued

The cardiovascular deconditioning syndrome remains an oper-
ational problem that is not sufficiently prevented by current
countermeasures. If long duration flights such as those needed to
reach Mars are to become a reality, it will be essential to evalu-
ate and take into account the specific vascular and cardiac risks
incurred. The question of a possible vascular risk being caused
by very long duration flights is an open one (the effects of inten-
sive, prolonged lack of physical activity and the potentially harmful
effects of radiation) as is that of a cardiac risk (rhythm disorders).

Several priority research themes have been identified:

- It is vital to continue developing countermeasures (optimizing
current countermeasures, developing new integrated physical
countermeasures, considering pharmacological or nutritional
countermeasures).

- A consensus has not yet been reached on the consequences of
microgravity on electrocardiograms and cardiac rhythm. It needs
to be determined whether the space environment significantly
increases the risk of cardiac rhythm disorders.
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- We should continue striving to understand the changes in vas-
cular functions and regional circulation caused by the space
environment. The study of renal perfusion is particularly impor-
tant given the role played by the kidneys in regulating blood
pressure, blood volume and fluid compartments more generally.

The study of the sympathetic nervous system remains difficult. It

is particularly hampered by the limited standardization of analy-

sis methods. Despite the extensive work already undertaken, we
still know very little about the effects of real or simulated micro-
gravity on the autonomic nervous system. It is understood that
the sympathetic nervous system is not activated globally but has
specific regional characteristics that must be taken into account.

This question can be added to the one about blood circulation,

which also requires an approach at the organ level.

- Given the artificial environment recreated by humans inside
space vessels, it is essential to investigate further circadian
rhythms and their relationship with cardiovascular regulation.

- It is vital to continue our work with an integrated physiological
approach by studying the relationships between, on the one hand,
cardiovascular regulation, and on the other, neuro-vestibular reg-
ulation, regulation of energy metabolism, regulation of the body’s
fluid compartments and thermoregulation.

Alongside the essential work carried out on humans during
ground simulations, we would like to stress the following aspects:
standardization of tools, use of animal models and development of
new devices for the space environment.

3. Efforts to standardize studies and data analysis

A harmonization process is already underway and has led to the
definition of basic standardized measurements, which are taken
systematically during the different experiments. The standardiza-
tion work should be continued and in particular with respect to
studies of the vegetative nervous system using methods that mea-
sure the variability of heart rate and blood pressure. Many studies
have been conducted and there are several analysis tools which
themselves depend on numerous variable factors. These study
methods should be standardized for our community.

4. Development of animal models

Animal models remain necessary for pathophysiology studies
and tests of potential countermeasures. The countermeasures cur-
rently in use or being tested for the cardiovascular system are
essentially physical countermeasures (Lower Body Negative Pres-
sure, physical exercise, and centrifugation). Animal models enable
new countermeasures to be tested, particularly pharmacological
ones. Much work remains to be done on this model; although there
are no longer any doubts about the cardiovascular effects, par-
ticularly on vascular remodeling, the equivalent of cardiovascular
deconditioning in the animal remains to be proven. The work on
these animal models will mostly be done on the ground, but studies

carried out in actual microgravity conditions will also be essential.
There have been very few space flights with rodents (mice, rats, ger-
bils) in recent years and this lack should be compensated for over
the next few years.

5. Development of new devices designed for the space
environment to study the cardiovascular system and
prevent cardiovascular disorders

To complement previous investigations, the following should be
developed for a space environment:

- There is no doubt that new physical countermeasures need to
be developed for interplanetary missions. The choices made will
depend on the results of tests conducted on the ground (on sys-
tems currently being evaluated such as the Flywheel, the Lower
Body Negative Pressure + Treadmill, or the short-arm centrifuge)
and the development of new devices (such as the ICARE system).
The precise study of cardiac functions will require a high-
performance electrocardiogram, and would benefit from a
three-dimensional ultrasound system.

The study of regional circulation will require use of the Doppler
ultrasound technique with high-performance devices for study-
ing parenchymatous perfusions. The specific study of cutaneous
microcirculation will require use of the laser-Doppler technique.
This method, combined with the iontophoresis of pharmacolog-
ical agents, will enable specific vascular functions to be studied,
such as the endothelial function or the function of vascular
smooth muscle.

Measurements of fluid compartments using bioelectrical
impedance analysis methods will also complement cardiovascu-
lar measurements. A precise knowledge of the body’s composition
is necessary for studying metabolism and cardiovascular
regulation.

When designing new systems, we should continue to integrate
or miniaturize systems using the latest technologies (development
of portable and even implantable systems, transcutaneous systems
for analyzing blood markers, analyzing blood parameters from a
drop of blood, or even transcutaneously). Again with very long
duration flights in mind, we should identify, among all the mea-
surable cardiovascular parameters, those which are essential for
the medical supervision of astronauts.

6. Conclusion

The cardiovascular system has been studied ever since the
beginning of human space exploration, because cardiovascular
supervision of astronauts is critical to space missions. The car-
diovascular system must nevertheless remain a priority research
theme if man is to succeed in conducting long and very long dura-
tion space missions.



B. LIENS AVEC LA DEPENSE ENERGETIQUE

La microgravité simulée induit linhibition du métabolisme couplé avec [laltération de

cytokines proinflammatoires

“METABOLISM IN RATS DURING ANTIORTHOSTATIC HYPOKINESIA”

Novoselova AM, Custaud MA, Tsvirkun DV, Larina IM, Kulchitsky VA. - Bulletin of Experimental
Biology and Medicine 146(1):38-40, 2008

Les variations d’intensité métabolique en microgravité demeurent mal connues. D'un c6té,
I'hypodynamie est caractérisée par la réduction des dépenses énergétiques ; de l'autre cote,
la position anormale est accompagnée d’un stress qui augmente l'intensité du métabolisme.
Le but de ce travail était d’estimer I'effet de 'hypokinésie et de la microgravité simulée par
linclinaison téte en bas (HDT) discontinu chronique de 14 jours sur lintensité du
métabolisme (production de la chaleur). L'objectif secondaire était d’étudier les relations
entre dépenses énergétiques, le niveau de cytokines proinflammatoires et les parametres
caractérisant la thermorégulation (circulation régionale dans les tissus de la queue).

Nous avons observé une réduction de production de chaleur, la chute de linterleukine-6
sérique et une vasodilatation prolongée dans les tissus de la queue chez les rats soumis au
HDT discontinu chronique. Ces variations peuvent étre les marqueurs d‘atteintes des
interactions entre les systémes fonctionnels de thermorégulation physique et chimique et du

systeme immunitaire lors de la microgravité simulée.
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Metabolism in Rats during Antiorthostatic Hypokinesia

A. M. Novoselova'?, M. A. Custaud2f D. V. Tsvirkun??,
I. M. Larina’, and V. A. Kulchitsky

Translated from Byulleten’ Eksperimental’noi Biologii i Meditsiny, Vol. 146, No. 7, pp. 42-45, July, 2008
Original article submitted October 4, 2007

O, consumption and CO, release in 3 groups of awake rats were studied on a MM-100
metabolic monitor system (CWE Inc.). The animals of 2 groups were preadapted to 4-
h maintenance in special boxes (2 weeks). The rats could perform rotational movements
and limited movements in the rostrocaudal direction (hypokinesia). The animals of one
group were daily exposed to 4-h antiorthostatic load (£45°) for 2 weeks. After 2 weeks,
the intensity of metabolism in rats with antiorthostatic hypokinesia was lower than in
hypokinetic specimens (by 15-20%, p<0.05) and freely moving animals (by 20-25%,
p<0.05). Interleukin-6 concentration in rats with antiorthostatic hypokinesia (0.25+0.09
pg/ml) was lower than in hypokinetic (4.01£0.57 pg/ml) and freely moving animals
(3.69+0.56 pg/ml). The decrease in the concentration of a proinflammatory cytokine
interleukin-6 during experimental antiorthostatic hypokinesia reflects inhibition of
metabolic processes, which are activated during antiorthostatism (but not hypokinesia).

Key Words: antiorthostatism, hypokinesia; indirect calorimetry; interleukin-6; skin

temperature

Antiorthostatic hypokinesia (ANOH) is typical of
clinical practice and serves as an experimental mo-
del in studies of the regulation of functional systems
under conditions of weightlessness [1]. There is no
general agreement about the processes occurring in
mammals during experimental microgravity. Little
is known about the mechanisms of adaptation to a
specific posture [3,4,11,12]. Under these condi-
tions, the factors of volume and pressure contribute
to the increase in hemodynamic load on the heart
and major reflexogenic zones in blood vessels.
What is the period of adaptation? It remains unclear
whether adaptation concerns only functional sys-
tems for the maintenance of homeostasis [6,9] or
induces a variety of structural changes in organs
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and tissues. Specific variations in metabolic proces-
ses are unknown. On the one hand, hypodynamia
is characterized by the reduced energy consump-
tion. On the other hand, abnormal body position is
accompanied by a stress response and activates
heat production. Does blood flow redistribution
during ANOH involve only the processes occurring
in the sympathetic nervous system [1]? The ques-
tion arises: do hormonal [4] and other regulatory
factors of the vascular [9] or humoral nature play a
role in the complex process of hemodynamic chan-
ges? Here we studied the role of proinflammatory
cytokine interleukin-6 (IL-6) in metabolic trans-
formations in rats with ANOH.

MATERIALS AND METHODS

Experiments were performed on 24 male Wistar
rats weighing 0.25+0.03 kg. The animals were main-
tained in a vivarium under standard conditions (21+
1°C, 12/12-h artificial light-dark cycle) and had free
access to food and water. The rats were preadapted

0007-4888/08/1461-0038 © 2008 Springer Science + Business Media, Inc.
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to experimental conditions for 2 weeks. This pro-
cedure involved handling and 9-10 training ses-
sions in special boxes. The time of training varied
from 30 min to 3-4 h [10]. The rats could perform
rotational movements and were restrained in the
rostrocaudal direction. The animals were divided
into 3 groups (8 rats per group). Group 1 rats were
daily exposed to 4-h ANOH in boxes (P45°) for 2
weeks. Group 2 rats were daily subjected to 4-h
hypokinesia in boxes (similarly to group 1 rats).
Freely moving rats of group 3 served as the control.
The intensity of metabolism in animals of 3 groups
was studied on a MM-100 metabolic monitor sys-
tem (CWE Inc.). Monitoring was performed before
handling, 2 weeks after adaptation to experimental
conditions, and 1 or 2 weeks after the start of ANOH.
THE MM-100 system allowed us to measure air
flow (liter/min) in the individual metabolic cell (to-
tal of 8 cells) and to estimate the concentrations of
O, and CO, in the inspired and expired air (%).
The respiratory exchange ratio was calculated from
O, consumption (VO,, ml/h) and CO, release (VCO,,
ml/h) as follows: RER=VCO,/VO,. The intensity of
heat production was estimated taking into account
the level of O, consumption per unit time, respira-
tory exchange ratio, and weight of animals (kcal/
kg/h). The data were processed by MMCom soft-
ware and recorded in the ASCII format.

On day 14, the intensity of metabolism in 24
rats was studied for 5 min. The animals were adap-
ted to metabolic cages for 40-60 min. Group 1 and
2 rats were placed in the antiorthostatic position
using special platforms in metabolic cages. The
intensity of metabolism was studied after 40 and 80
min. Gas exchange parameters in all rats were re-
corded after resumption of the horizontal position.
The intensity of metabolism in freely moving rats
of groups 1 and 2 was studied after removal from
boxes.

Copper-constatan thermocouples for recording
of surface body temperature (Physitemp thermo-
meter) were fixed on the ventral surface of tail skin
in 3 rats by the 2nd week after adaptation to ex-
perimental conditions [10]. Skin temperature was
monitored at 29°C for 4 h. The animals were expo-
sed to ANOH for 3 h.

After the last recording of metabolic parame-
ters, the rats were decapitated using a SAD 51330
guillotine. The blood was sampled and centrifuged
at 1500 rpm for 15 min. Serum IL-6 concentration
was measured by means of ELISA with Biosource
Internat. kit for rats.

The results were analyzed by Student’s ¢ test
and one-way analysis of variance (ANOVA). The
differences were significant at p<0.05.

39
RESULTS

Parameters of heat production in rats of 3 groups
on day 14 of the study are presented on (Fig. 1, a).
The intensity of metabolism in group 1 rats decrea-
sed to 0.0026+0.0001 kcal/kg/h (p<0.05) and was
lower compared to control animals (0.0035+0.0002
kcal/kg/h) and group 2 specimens (0.0033+0.0001
kcal/kg/h). On day 14, no differences in metabolic
changes were revealed in group 1 and 2 rats during
40-min antiorthostasis in a metabolic cage (Fig. 1,
b). After 80-min ANOH (Fig. 1, ¢) the intensity of
metabolism in group 1 and 2 animals was 0.0036=
0.0002 and 0.0046+ 0.0002 kcal/kg/h, respectively
(p<0.05). Intergroup differences in the intensity of
metabolism were found after the boxes were placed
horizontally (0.0031+0.0001 and 0.0037+0.0002
kcal/kg/h, respectively, p<0.05; Fig. 1, d). No inter-
group differences in metabolic processes were re-
vealed in freely moving animals after removal from
boxes.

On day 14, IL-6 concentration in group 1 rats
decreased to 0.25+0.09 pg/ml (p<0.01) and was
lower than in group 2 animals (4.01+£0.57 pg/ml)
and control specimens (3.69+0.56 pg/ml).

Tail skin temperature in rats varied from 30 to
33°C at 2-3-min intervals (atmospheric temperature
29°C). Skin temperature decreased to 29°C several
seconds after the start of ANOH, remained unchan-
ged for 10-15 min, and increased to 35-36°C over
the next 2-3 min. Temperature remained unchan-
ged for 1 h and progressively decreased to 31-32°C
over 30 min. Tail skin temperature increased to 34-
35°C after 5-10 min and remained unchanged for
30-40 min.

The concentration of proinflammatory cyto-
kine IL-6 is affected by various factors, including
stress, hemorrhage, trauma, infection, postural re-
sponse, and endotoxin translocation from the gastro-
intestinal tract into the internal medium [5,7,8].
Among a variety of IL-6-producing cells in organs
and tissues, particular attention is paid to vascular
endothelium. ANOH is accompanied by changes in
hemodynamic load on this structure [2]. It could be
expected that repeated ANOH and hypokinesia for
2 weeks would increase the concentration of IL-6.
However, IL-6 concentration in hypokinetic rats did
not differ from that in control specimens (freely
moving animals). However, serum IL-6 concentra-
tion decreased by more than 10 times during ANOH.
The decrease in IL-6 concentration in the internal
medium during ANOH was accompanied by the
inhibition of metabolism. The increase in skin tem-
perature during ANOH is related to prolonged dila-
tation of blood vessels and elevation of blood flow
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Fig 1. Heat production in rats on day 14. (a) Freely moving animals (C), ANOH (1), and hypokinesia (2). Antiorthostatic load test for 40
(b) and 80 min (c), and after the boxes were positioned horizontally after load test (d). p<0.05: *compared to the control (C); *compared

to ANOH.

in tail tissues [10]. These changes are probably
associated with the increased production of nitric
oxide [7] and accompanied by intensification of
heat emission [10]. These features (prolonged vaso-
dilation, inhibition of metabolism, and decrease in
serum IL-6 concentration during experimental ANOH)
may serve as markers of processes, which reflect
the impaired interaction between functional sys-
tems on the model of weightlessness. The observed
changes are manifested in pathological disorders
under natural conditions of space flight.

This work was supported by the Belarus Foun-
dation for Basic Research (grants No. BO6MS-026
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C. HYPOTHESE DES ENDOTOXINES

L’une des raisons probables pour expliquer les dysfonctions endothéliales en microgravité

est la translocation non-contré/ée d’endotoxines de l'intestin

“RESPONSE TO LPS INJECTION AFTER ANTI-ORTHOSTATIC HYPOKINESIA IN RATS,
AN HYPOTHESIS FOR ENDOTHELIAL DYSFUNCTION”

Navasiolava NM, Pashkevich SG, Custaud MA, Emelianova AA, Kulchitsky VA. - Journal of
Gravitational Physiology 15 (1):69-70, 2008

“OCOBEHHOCTMU MNPOLIECCA TPAHCJIOKALUUN SHOOTOKCUHOB B OPTAHU3ME
YEJIOBEKA U XKUBOTHbIX / DES PARTICULARITES DE TRANSLOCATION DES
ENDOTOXINES DANS L’'ORGANISME HUMAIN ET ANIMAL”

Martusevich NO, Pashkevich SG, Navasiolava AM, Patseev SV, Custaud MA, Kulchitsky VA. - News
of biomedical sciences 3:7-11, 2009

Les endotoxines (ou lipopolysaccharide, LPS) sont des toxines de nature glucido-lipo-
protéique situées dans la membrane externe des bactéries Gram négatif. Le but de cette
étude était de vérifier 'hypothése que la translocation de LPS de l'intestin augmente avec la
microgravité simulée, ce qui pourrait étre 'un des facteurs de dysfonctionnement endothélial.
Nous avons observé chez le rat une augmentation de LPS dans le sérum aprés head-down
tilt. La réponse thermique et I'élévation de linterleukine-6 a l'injection de LPS (exogéne)
apres microgravité simulée par oscillation verticale et par head-down tilt étaient diminuées (le
phénoméne de tolérance). De plus, une décontamination préalable du tractus gastro-
intestinal prévenait ces réponses. La conjonction de ces résultats peut indiquer une

translocation augmentée de LPS par la microgravité simulée.
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ABSTRACT. The indirect estimation of
lipopolysaccharide (LPS) translocation by
measuring of IL-6 serum level after LPS
injection was carried out. We found a
decreased response to LPS injection as the
result of previous LPS translocation in rats
after head-down tilt -45° (HDT) during 7 days
and in rats after the repeated injection of LPS
in 7 days after the first injection. Under
electron microscopy, fringe-looking
protrusions in vessel lumen, disturbance of
basal membrane integrity and infringement of
interendothelial ~ junctions, adhesion  of
leukocytes were found in arterioles of these
groups of animals. So, we suppose that
translocation of LPS from gut could occur in
simulated weightlessness model in rats (HDT)
and could be associated with endothelial
dysfunction.

INTRODUCTION. The multifunctional role
of endothelium, which forms an internal
surface of blood and lymphatic vessels, is
shown in the control of vasomotor functions
and hemodynamic, permeability, proliferation,
maintenance of immune balance [1]. In this
approach it is clear, why endothelial cells are
involved in formation of many protective
reactions, and why their dysfunction after
influence of extreme factors is reflected in the
control of histohematic barriers [1, 5].
Decreasing of protective properties of barriers
promotes increase of LPS translocation
(endotoxemia) that is accompanied by
development of systemic inflammatory process
with increasing of cytokines, prostaglandins. In
a case of repeated LPS translocation a
tolerance usually develops [2, 3]. What are the
changes of endothelial cells in the different
vascular regions under the repeated HDT,
when, according to above mentioned literary
data, the conditions for development of
tolerance could be created?

METHODS. . In experiments on rats (n=46)
the shifts of IL-6 in serum and ultrastructural
features of endothelium of brain, gut and
hindlimb  vessels were studied after
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hypokinesia for 7 days, 4 hours a day (I), HDT
for 7 days, 4 hours a day (II), intraperitoneal
(i.p.) injection of 10 or 100 pg/kg/ml
Escherichia coli LPS once (Illa and IIIb,
accordingly), twice (IVa and IVb,
accordingly), i.p. injection of 100 pg/kg/ml
LPS in rats with HDT for 7 days, 4 hours a day
(V), i.p. injection of 1 ml/kg Ringer solution
(VI). Control animals were in the state of free
behavior (VII). After 7 days of experiment
LPS (groups Illa, I1Ib, IVa, IVb, V) or Ringer
solution (group VI) injection was performed
followed 3 hours later by decapitation for all
the groups. The blood was collected for
evaluation of IL-6 (ELISE method). The
samples of brainstem, gut and hindlimb vessels
were taken and fixed first in  2.5%
glutaraldehyde and then in 1% osmium
tetroxide. After fixation the material was
washed with buffer, dehydrated in alcohols of
graded strength, and embedded in Araldite.
Sections were cut with a LKB-III Ultratome
and scanned with a JEM-IOOB electron
microscope (Japan). The data were statistically
treated using the Student’s t-test, followed by
one-way and two-way ANOVA test. All data
are presented as means + SE.

RESULTS, DISCUSSION The level of IL-6
in group V consisted 1.89+0.06 pg/ml and was
significantly lower (P<0.001), than in group
IIIb (2.18+£0.04 pg/ml). In group IVb where
LPS was injected on the first and the seventh
day of investigation, a level of IL-6 did not
differ from that in group V with HDT and
made 1.99+0.10 pg/ml, which testifies the
development of tolerance to LPS in both
groups. The mechanism of tolerance
development in group IV is quite known and
analogous to some processes after vaccination.
In group V with HDT a LPS areactivity could
be caused by previous penetration of LPS into
the inner  environment, f.e, from
gastrointestinal tract due to endotoxin
translocation during HDT. Under -electron
microscopy protrusions in vessels lumen
similar to a small fringe, disturbance of basal
membrane integrity and infringement of



interendothelial junctions (Figs. 1-4), adhesion
of leukocytes were found in arterioles of
groups 11, Il1a, and IIb.

Fig. 1. Reduction of thickness and invaginations of
an endothelial layer of the rat medulla oblongata
blood vessel in 7 days after head-down tilt -45°. x
10 000.

Fig. 2. Reduction of thickness of an endothelial
layer of a colon blood vessel in 7 days after i.p.
injection of 10 pg/kg LPS E.coli. x 4800.

Fig. 3. Several invaginations in a blood vessel lumen
of the rat medulla oblongata in 24 h after i.p.
injection of 10 pg/kg LPS E.coli. x 10 000.

HDT alters blood flow in the regional vascular
beds. This is accompanied by the response of
the vascular wall, including changes in the
activity of NO-synthases [6], endothelial
secretion and reception, interactions of
endothelium and smooth muscles [5]. Under
these conditions the resistance of the
gastrointestinal tract barriers is reduced, and
endotoxin translocation is increased [4]. LPS
induces the systemic inflammatory reaction,

triggered by proinflammatory cytokines, in
particular by IL-6 [3]. This shift is found in the
experiments with single and double injections
of LPS and with HDT without LPS injection,
which testifies involvement of the endotoxins
of the gastrointestinal tract in the development
of reactions at HDT.

Fig. 4. Ultrastructural changes of a colon blood
vessel in rat in 24 h after i.p. injection of 10 pg/kg
LPS E.coli. There is an invagination below at the
left in a vessel. Mitochondrial crists are destroyed. x
4800.

The observed endothelium dysfunction can be
accompanied by not only local disturbance of
microcirculation, but also by system shifts in
an organism, first of all due to the LPS
translocation.

References

1. Aird W.C. Endothelium in health and
disease. Pharmacol. Reports, Vol. 60, 139-143,
2008.

2. Buttenschoen K., et al. Endotoxemia and
endotoxin tolerance in patients with ARDS.
Langenbecks Arch. Surg., Vol. 393 (4), 473-478,
2008.

3. Chae B.S. Comparative study of the
endotoxemia and endotoxin tolerance on the
production of the cytokines and macrophage
interleukin-6: differential regulation of
indomethacin. Arch. Pharm. Res., Vol. 25 (6), 910-
916, 2002.

4. Czabanka M., et al. Microcirculatory
endothelial ~ dysfunction during endotoxemia-
insights into pathophysiology, pathologic
mechanisms and clinical relevance. Curr. Vasc.
Pharmacol., Vol. 5 (4), 266-275, 2007.

5. Marechal X., et al. Endothelial glycocalyx
damage during endotoxemia coincides with
microcirculatory dysfunction and vascular oxidative
stress, Shock, Vol. 29 (5), 572-576, 2008.

6. Wilkerson M.K., et al. Simulated
microgravity enhances cerebral artery
vasoconstriction and vascular resistance through
endothelial nitric oxide mechanism. Am. J. Physiol.
Heart Circ. Physiol., Vol. 288 (4), H1652-H1661,
2005.

Supported by BO8F-014, CNES and CNRS.



HOBOCTH MEJJTHKO-bHOJIOTHYECKHX HAYK. NEWS OF BIOMEDICAL SCIENCES. 2009. Ne 3.
QHU3HUOJIOIHA

VIK 612.336.3:612.886.2

H. O. MAPTYCEBHUY'’, C. I'. [IALLIKEBHUY', A. M. HOBOCEJIOBA'”,
C. B. [IALIEEB', M.-A. KYCTO’, B. A. KVJIbYHI[KHH'
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Cpean CI0XHBIX B3aHMOOTHOLICHHH JKETYI0YHO-KHILIEYHOIO TPaKTa — OJIHOH M3 BaKHCHIIMX
(YHKIMOHAIBHBIX CHCTEM OpPraHW3Ma, W BCEro OpraHu3Ma B 11€J0M, BBIICISIOT acHekT (Gu3noaoruye-
CKOH M NMaTo(H3HOIOTHYECKOH POJIH MUKPO(IIOPBI KHILEYHHKA B NOIUIEP)KAHUH FOMEOCTA3HCa B HOPME
v npu natonoruu [2, 4, 9, 11-13, 20, 23-26, 30]. Peub uaCT O €CTECTBEHHOI COCOOHOCTH MHUKPO(IIO-
Pbl ¥ 9HJI0TOKCHHOB NMPOHHKATh B YCIOBHAX HOPMBI U NATOJOTHH W3 KHILIEYHHKA BO BHYTPCHHIOIO CpPej1y
opranusma (mpouecc TpaHciokauuu) [8, 9, 11, 23, 24]. B npuHuune, BONpoc B3aMMOOTHOLLICHHIT MHK-
podaopel 1 MakpoopranuszMa obcyskaaercs B o0LIeM MiIaHe MIMPOKO, HO 0e3 aKLCHTa Ha KOHKPCTHBIC
MEXaHH3Mbl 9TOr0 B3aumozaeHcTBus. Heobxoaumocts aertanu3anuu ocobeHHocTel cuMOHo3a MUKpOOOB
M OpraHH3Ma M YCJIOBMIi €ro pacnaja, CONpOBOXIAIOLIMXCSA 3aTAKHBIM MPOTHBOCTOSIHUEM BIUIOThH JI0
JICTAJILHOIO MCX0/1a OJHOM MJIM 00eHX MPOTHBOOOPCTBYIOLIMX CTOPOH, Ha3pella JIaBHO, HO, K COXkale-
HHIO0, ¢1a00 NMPOAHAIN3HPOBAHA YUYECHbIMH. BBIZENAIOT KaK NMO3HTHBHBIC, TAK W HCIAaTHBHLIC CTOPOHBI
JIAHHOTO TPOLECca, MEXaHM3Mbl KOTOPOro (akTHYeCKH He H3yucHbl. [10ATBEepKIACHHEM 3TOT0 BbIBOJIA
ABJISIOTCS MOPOIi MPOTHBOIOJIOKHBIC B3TJISAbI HCCIICAOBATENCH Ha CyTh npouecca cumbuosa. Tak, 1o
MHEHHIO psiia aBTOPOB, PaCCMAaTPHBAIOIIMX B3aMMOOTHOILEHHS MHKPO(MIOPHl H MaKpoopraHmsMa Kak
IBOJIHOLHOHHO C(HOPMHUPOBABIIMHCS CHMOHO3, TPAHCIIOKALIMS IHAOTOKCHHOB B (JH3HOJIOTHYCCKHX YCIIO-
BHAX SABJISCTCS HEOOXOAMMBIM YCIOBHEM JUISi CCTCCTBEHHOTO ()YHKLIHOHMPOBAHHS BCCrO OpraHuiMa, B
YaCTHOCTH, I MOJUICPKAHHS ONTHMAJIBHOTO YPOBHS IJIyOOKOMH TEMIeEpaTypbl TeIa Y TCIIOKPOBHBIX
KHBOTHBIX [3, 6, 10, 17, 18, 26]. [Ipyrue uccnenoBaTead Ha OCHOBAHHH PE3YIbLTATOB YKCIICPHMCHTOB
1oJaraloT, 4To Beayiuas (GyHKUHs MHKpO(IOpbl KHLICYHHKA 3aKJII0YACTCS B MNOCTOSHHON aKTHBALHH
HCPBHBIX OKOHYAHMI BHCLEPAJIbHBIX OPraHOB. DTO 00ECIEUHBACT PErYJIALHIO H MOJICPKAHHE TOHYCA
ABTOHOMHOI# HepBHOH cucTembl [22]. CyuiecTBYeT TaKKe MHCHHE O TOM, YTO MPOLECC TPAHCIOKAIIHH
9H/IOTOKCHHOB M3 XKCJYIOYHO-KHIICYHOTO TPAKTa B KPOBOTOK SIBIISICTCH YCIOBHEM HOPMAJILHOTO (DYHK-
LHOHHPOBAHUSA UMMYHHOH CHCTEMBl OPraHH3Ma, BBICTYNas B POJIM CBOCOOPA3HOrO TPUITEPa HMMYHO-
KOMNETEHTHBIX KJIeToK [1]. Ecnu 910 neficTBUTENBHO TaK, TO MPOLECC TPAHCIOKALNH ABJISACTCS HEOTh-
CMJIEMBIM 3JIEMEHTOM CHCTEMbI 3aLUMTHBIX peakiuHi. OT HHTEHCUBHOCTH MEPEMCLICHHUS IH/IOTOKCHHOB
BO BHYTPEHHIOIO CPey OpPraHH3Ma 3aBHCHT CHOCOOHOCTh OpPraHu3Ma MPOTHBOCTOSATH JICHCTBHIO MOBpE-
KIAIOLIHX (PaKTOPOB IK30r€HHOTO M IHIOI€HHOIO I'eHe3a.

MHenune 3KcrnepMMEHTaToOpoB O MO3HTHBHOM POJIM MpoLecca TPAHCIOKALMH B OONBIIMHCTBE paboT
KJIMHHIIMCTOB ONpoBepraercst (JaKTaMH HEraTHBHBIX C/IBHIOB B PA3lHYHBIX TKAHSAX M OpraHax MpH JHJI0-
Tokcemuu [11, 15, 16, 24-26, 28, 30]. ITonaraiot, 4TO HMEHHO TPAHCIOKALMsE TOKCMHOB U MUKPOOOB M ac-
COLMHPOBAHHAS C HEl HI0TOKCEMMS, ABJISIOTCS MPUYHHON Pa3BUTHS FCHEPAIH30BaHHBIX (JOPM MH(EKIIMH
(BIJIOTH JIO CEMNCHCA) H BHCKHMILEYHBIX ILIEPHXHO30B H cenTHLeMHH [24-26, 28, 30]. HeBosibHO Hampauiu-
BAIOTCS aCCOLMALMH ¢ (HIOCOPCKUMH YMO3AKIIOUEHHSIMH O TMEPEXO/C KOJMYECTBA B KAYECTBO, HO CO-
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crosiHHe GONbHBIX, CTPAAIOLIMX OT TAKOTO «IIEPEX0/Ia» M OT NOJOOHBIX PACCyKACHHH, HE YITy4IacTCs.

M3BECTHO, YTO TpaHCIOKAlHA GaKTEPHil W SHIOTOKCHHOB BbI3bIBACTCA MHOXKECTBOM (hakTopoB (Hiie-
MM, THIIOKCHS, KPOBOIOTEPS, aBUTAMHHO3BI, KOJIMThI, IMMYHONATHA, CTpecchl). Cpetn HUX MOXHO Bbizie-
JIMTh T€, KOTOPBIC CBS3AHBI C MEPCMCLICHHEM TeJIa B MPOCTPAHCTBE, HAPUMEP, BEPTHKAJIBLHOC YKAUHBaHHE
[3] ¥ aHTHOPTOCTATHYECKYIO THIIOKMHE3MIO [ 5, 6]. OCHOBBIBasCH Ha paHee MOMyYCHHbIX JIAHHBIX O TPAHCII0-
KalMH SHAOTOKCHHA B THM(aTHYECKUE Y3/Tbl M CTEHKY KHIUCYHHMKA MOCIC BEPTHKAILHOTO yKauuBaHus [2],
Mbl 3aKTIOUHIIM O CTaOMJIBHOCTH Pa3BUTHS Pa3HOHM CTCNEHH SHAOTOKCEMHH B YKa3aHHBIX YCIIOBHAX B pe-
3yJIbTaTe MCPEMEILICHNS JIHIONONHCAXapHhia H3 XKeTyI04HO-KHIICYHOrO TPaKTa BO BHYTPEHHIOK CPeiy Op-
ranu3ma. M3BECTHO, YTO JHIOTOKCHH 4epe3 CIOKHbIC MexaHn3Mmbl, Bkmodatomme CD14, CD44, tom-
PELENTOPBI, AKTHBHPYET CHCTEMY KOMIUIEMEHTA H MOHOOKCHJIA 30Ta, BbI3bIBACT HAPaGOTKY M BBIGPOC Mpo-
pocnammrenbhbix wutoknHoB (TNF, ILg, IL6), npocrarmanmunos rpynmsl E 1 psaa ropmowos [12, 17-19,
27, 29]. Kackan HeporyMopaiibHbIX MPOLIECCOB, MOUICP/KUBAIOIIMX M CIIEYIOUIMX 33 aKTHBALMCH peryJis-
TOPHBIX CYOCTaHIMA, IPHBOAMT K (HOPMHPOBAHHIO CHCTEMHOTO BOCTIATMTE/IBHOTO OTBETA, KOTOPBIii B 3aBH-
CHMOCTH OT BBIP@KCHHOCTH HI0TOKCCMHH MOYKCT MPHBECTH K LIOKY H JICTAILHOMY MCXO1Y.

EcTh euie OIMH aKTyalbHBIH acrnekT mpoGieMbl TPAHCIOKALMK SHA0TOKCHHOB. Eciu runoresa o
Pa3BUTHUH SHIOTOKCEMHH YHIOTCHHOTO MPOMCXOXKICHHA B YCIOBHAX BEPTHKAILHOTO yKAuHBaHHA, NPH
AHTHOPTOCTATHYCCKOH THIOKHHE3NH U MHBIX BAPHAHTAX H3MCHCHHSA JICHCTBHS IPABUTALIMOHHOIO (aKTo-
pa BepHa, TO MOKHO OXKHIATh TPAHCHOPMALMIO 3AIUMTHBIX PCAKLHI OPraHH3Ma NpH MOBTOPHOM BBC/C-
HHM SHIOTOKCHHA KPbICAM I10C/]I€ MOJCTHPOBAHMA 3THX COCTOAHMIA. IIpH 5TOM peanbHO OXKHIATh KaK
YCHICHHE OTBETHOH pEaklMM OpraHu3ma (PHICPPEaKTHBHOCTB), TakK M ocnabieHHe (TONCPAHTHOCTD).
Iesbro paGoThl Obla NPOBEPKA BBICKA3aHHBIX MPC/NOIOKCHHI.

Martepuan M MeToabl HcciaenoBanus. OCyIIECTBIAIN BepTHKaibHOE ykaunsanne (0,3g; 45
MHHYT) 6OAPCTBYIOUMX Kpbic-caMUoB (Maccoi 220-300 rpamm). [Tocne ykaunBaHHS H3MCEPAIH Maccy
TeJA KHBOTHBIX, PEKTAIBHYIO TEMIEpaTypy, apTepUaabHOC [IaBJICHHE, MOPOr BHCICPO-COMAaTHYCCKHX
HOUMUENTHBHBIX peakimit. C LEeNbI0 MOJETHPOBAHHSA SHIOTOKCEMHH B Pa3HbIC MEPHOMbI HAOIIOACHHS
nocie BepTHKanbHoro ykauusanus (1, 3, 7, 14, 30 u 60 mueii) BBOAMIHM BHYTPHOPIoWHHHO 10 MKI/KT
nunononucaxapuna Escherichia coli [2]. TTociie HHBEKIMH 3HIOTOKCHHA B TCPMOHCHTPAJIBHBIX YCIIOBH-
ax (29°C) perucTpupoBain riy6oKyl0 H KOXKHYIO Temneparypbl. OCyIIECTBISIH BBIICICHHE H H3yYe-
HHe CBOMCTB (MOP(OIOrHyeckuX, GepMEHTATHBHBIX, IATOTEHHBIX) KYNbTYphl Escherichia coli kuued-
HHKa KpbIC, ONIPEIE/IATH YyBCTBUTENBHOCTh KHILEYHOH MHUKPO(Iopsl k aHTHOHOTHKaM. CelleKTHBHYIO
JICKOHTAMMHALMIO KHIIEYHHKA TIPOBOIM/IM MyTEM BHYTPHOPIOLIMHHOTO BBEJCHHA TeHTamMuLmHa (Gen-
tamycini sulfatis). Tlpy MOAETMPOBAHHH AHTHOPTOCTATHYECKOI TMIOKHHE3UH B 12 CCPHAX OMBITOB HA
Kpbicax 3a60p KPOBH ISt ONPE/IC/ICHHA B CBIBOPOTKE KPOBH COJCPIKAHMSA YHIOTOKCHHA OCYILICCTBIISICH B
pasHblC MEPHO/IbI BPEMEHH B 3aBHCHMOCTH OT 3aj1ay onbita. [5, 6]. [Tocie nocaeanei perueTpaiui no-
kazaresicii MeTabo/IM3Ma KpbIC ACKaMHTHPOBAJIH ¢ OMOLIBIO THILOTHHBI (SAD 51330, CILIA), ocyue-
cTBISIN 3a60p KpoBH, KOTOpYIo uentpudyruposanu 15 mun npu 1500 06/muH. ChIBOPOTOUHYIO KOH-
nentpaumio MJI-6 n3mepsim mMetonoM nmmyHodepmentroro anannsa (ELISA) ¢ momouibio Habopa /s
kpbic (Biosource Internat., Camarillo, CA, CIIIA) [6]. Cratuctnueckyto 06paboTKy JaHHBIX MPOBOAMIIH
¢ MCnob30oBaHHEM [-KpuTepHsi CTBIOACHTa M OIHO(AKTOPHOrO AMCIEPCHOHHOIO aHaH3a (ANOVA).
Pasnuuns cuuTaIuch 10cToBepHbIMH NpH P<0.05.

Pe3yabTaThl HCC/IEI0BaHNsSI H HX obcyxienne. Ha 7-if jicHb M0C/C BEPTHKABHOTO YKAUHBaHNs
HabORAIOCH OciableHie TMXOPAIKH [0 CPABHEHHIO ¢ KOHTPOJIbHOM IPyNNoii )KMBOTHBIX. B yacTHOCTH, Y
Kpbic mocsie ykaunBatusi K 90-if MMHyTe HaOMIONCHHS MAKCHMAIIbHBIN NPHPOCT riyOOKoi Temneparypel
cocrasui 0,5+0,1 °C, a y Kpbic, He MOJBEPraBIIMXCS YKAYHBAHHIO, MAKCHMYM NPHPOCTA ObLT 3apErHCTpH-
posau Ha 150~180-it MunyTax HaGnroaeHus u cocrasui 1,1+0,2 °C (P <0,01). JlocroBepHas pashuua B Be-
JAMYMHE NPUPOCTA KOJIOHHYECKOH TEMIIEpaTyphl MOUTH B JIBA Pa3a B THX CEPHAX ONBITOB CBHCTE/ILCTBOBA-
712 0 Pa3sBUTHM TOJEPAHTHOCTH K JIHIIONONHCAXAPHITY KHIIEYHOH MATOYKH I0C/IEC BEPTHKAILHOTO yKa4HBa-
Hust. TONEPaHTHOCTh BO3HMKAET MPH YCIOBHH MPELIECTBYIOLIE0 MOCTYIUICHHS «TIOPOrOBOT0» YPOBHSA SH-
JIOTOKCHHA B KpoBb [2, 3, 10, 16-18]. B Kakoii-T0 Mepe 3TOT NPOLECC aCCOLMHPYETCs € COOBITHAMH, pa3BH-
BAIOLIMMHCA B OPraHW3Me I0C]e NMPHBHBKH, HO MEXAHM3Mbl TOJICPAHTHOCTH H HMMYHMTETa pasIHYHbIC.
BepTHKaIbHOE yKauMBaHHE KPBIC COMPOBOXIACTCA Pa3BUTHEM TPOJOHTHPOBAHHON THIEPTCH3MH
(noxbeM apTepHaibHOro JaBieHus Ha 20-25% B TEYCHHE CYTOK) H THIIOANITC3HH (ocnabneHue BUCIEPO-
COMATHYECKOH PEaKlMH NPH Pa3apakeHHH KHIIKH CTaHIAPTHBIM HOLUHMUEIITHBHBIM CTHMYJIOM).
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UTaK, SHIOTOKCEMHS SHIONEHHOTO MPOMCXOKICHHS MOXKET PeryJipHO (JOpMHpPOBaThCs B IMpOLECCe
nepeMEILeHHs SHIOTOKCHHOB, BKJIIOYAs JTMIIONOIMCAXapHl KHUICYHOH NMaJOYKH H HHBIX rPaMOTPHLIATEb-
HBIX MHKPOOOB, H3 ey J04HO-KHILEYHOrO TPAKTa BO BHYTPEHHIOK CPEly OPraHH3Ma NpH H3MCHEHHH JICH-
CTBHSA IPaBUTALIHOHHOrO (hakTopa. ITOT MpoLece OTpakaeTcs Ha (POPMUPOBAHHH 3ALLUMTHBIX PEAKLMi opra-
HH3Ma.

Ecim 9TH pacCyskIeHHs BEpPHBI, TO Ji00ble (HaKTOPBI, MPENATCTBYOLHE Pa3BUTHIO HIOTOKCEMHH
YHIOTEHHOTO MPOMCXOXKIEHHS, B YACTHOCTH TMOC/IC BEPTHKAIBHOTO YKauMBaHUs, CIOCOOHBI Npe1oTBpa-
THTb Pa3BHTHE TOJEPAHTHOCTH K SHIOTOKCHHY. OJIHUM M3 TakuX (aKTOpOB MOXKET ObITh JACKOHTAMHHA-
M KHIIeYHHKA. [TOCKONBKY B 3KCIEPUMEHTA/IBHBIX YCIOBHAX MCHOJIB30BANCA JHIAOTOKCHH KHILEYHOH
NaJ0YKH, TO MPEICTABIAIOCH BIOJIHE aICKBATHBIM IPUMEHATH /I ICKOHTAMHHALIMH NPENaparhbl, CENeK-
THBHO Gnokupylomme Escherichia coli. B npouecce TecTHpoBaHus Habopa aHTUOMOTHKOB, aIIUIHLMPO-
BaHHBIX Ha KYJIbTYPY KHMIIEYHOH ManoykH, Hanbonee 3(pHEeKTHBHBIMH OKA3aTHCh JICBOMHLETHH (Laevo-
mycetinum) u reatamuumH (Gentamicini). B kadecTBe npenapara Juis NpoBE/ICHHA AEKOHTAMHHALMH ObLIT
BbIOpan reatamuumnH (Gentamycini sulfatis) 8 nose 1 Mr/kr. [eHTAMHLUMH BBOJWIH BHYTPHOPIOLIMHHO B
TeYeHHe S5 JIHEH B OJIHO M TO ke BpeMs CyTOK. Yepe3s 5 fHEi B CTEPH/IBHBIX YCIOBHAX OBUIH MPOBEICHBI
I0CEBBl M3 CIM3HMCTOIl OOGOJOYKM TOHKOrO M TOJICTOrO KHIIEYHHKa Kpbic Ha JupdepeHuHanbHO-
JIMarHOCTHYECKHE CPe/Ibl, HCMOJIb3yeMble Uit uaeHTHuKauun Escherichia coli. Tlocne nposenexns ae-
KOHTAMHMHALIMH KMILIEYHHKA POCT KHLLICYHOH MAIOYKH Ha Cpe/lax HH pa3y He ObUI 3aUKCHPOBaH.

Jlanee B COOTBETCTBHH C MPOTOKOJIOM HCCIIEIOBaHHsA OBLIO NMPOBEICHO YKaYHBAHHE KPbIC, KOTO-
pble NpeABapHTEIIBHO MO/BEPTaINCh ACKOHTAMHHALIMK KHIICYHHKA. 3aTeM Ha 3-i M 7-i HM nocne Ta-
KOTO IPaBUTALMOHHOTO BO3/EHCTBHA KPbICaM BHYTPHOPIOLIMHHO BBOAMIH 10 MKI/KI JIMIIONONHCAXapH-
na Escherichia coli. Tlocie 1eKOHTAMHHALMH W YKaYHBAHUA JOCTOBEPHBIX OTIHYHH B Pa3BHTHH JIHXO-
PAIKH Y KPBIC MO CPAaBHEHHIO C KHBOTHBIMH, KOTOPBIM JHIOTOKCHH KHINEYHOH majnoyku B nose 10
MKI/KI' BBOJMJICS BIiepBbie, 00HapyxeHo He Obuto. B oT/Mume OT 3TOro B APYroii rpymmne Kpbic, KOTO-
pbl€ MOABEPraliCh YKAYMBAHUIO, HO Y KOTOPBIX JICKOHTAMHHAIMA HE OCYLIECTBIIANACh, 3aQHKCHPOBaHA
cBoeoOpa3Has apeakTHBHOCTh Ha JIMIIOMOIHCAXapHJl, O YEM CBHIETEILCTBOBAIO TO, YTO PAa3BHTHE JIH-
xopaaku 6bU10 OcnabneHo win He Habmoganock. I1o106HY0 HEBOCNIPHHMYHBOCTH MOXKHO OOBACHHTH
JMIIb Pa3BUTHEM YCTOMYHBOCTH K IOBTOPHOMY TONAaHHIO «TIOPOTrOBOM A03bD» SHAOTOKCHHA BO BHYT-
PEHHIOIO Cpely OPraHH3Ma, TO €CTh TOJEPAHTHOCTBIO (MCXOHOE NPOHHKHOBEHHE SHIOTOKCHHA B KPOBb
00YCIIOBIEHO HEKOHTPOIHPYEMBIM IPOLECCOM TPAHCIOKAIMH, KOT/a W3 KHIICYHHKA BO BHYTPEHHIOKO
cpely OpraHM3Ma IepeMeraeTcs NepBas «oporosas J03a» nunononucaxapuaa). Takum obpasom, skc-
NEpUMEHTAJILHO MOATBEPXK/IECHA 3HAYHMOCTh HEKOHTPOJIMPYEMOr0 MPOLECca TPAHCIOKAUNWH HIOTOK-
CHHOB M3 KENYJ0YHO-KHIIEYHOr0 TPAaKTa BO BHYTPEHHIOI Cpeay OpraHu3Ma Juisl TpaHc(opmauuu
(GyHKLMOHAIBHOTO COCTOSIHMSA CHCTEM, Yy4acTBYIOIIHMX B (POPMUPOBAHHH CHCTEMHOIO BOCHAIMTE/ILHOIO
OTBETa OPraHU3Ma.

B TekcTe CTaThbU CO3HATEIBLHO MCIOIb3YETCH TEPMHH «HEKOHTPOJIMPYEMbIH MPOLECC TPAHCIIOKa-
UMH». ABTOpBI T10J1aral0T, YTO B YCIOBUAX JM3PEryJISLMH BO BHYTPEHHEH Cpe/ic OpraHu3Ma OKa3bIBacT-
sl «naTo(U3HONOTHYECKH» 3HAYMMOE KOJIMYECTBO SHIOTOKCHHA. OfHMM M3 (PAKTOPOB, KOTOPbIH CIO-
co6eH BbI3BaTh BBIPAXKEHHYIO YHIOTOKCEMHIO, MOXKET ObITh H3MEHCHHE HANpPaBJICHHOCTH JACHCTBHS Ipa-
suTaunu. HaoGopot, B (pU3HOIOTHYECKHX YCIOBHAX (KOHTPOJHPYEMbIH» MPOLECC TPAHCIOKALHH JIH-
MOMOIMCAXapH/Ia M3 KHIIEYHHKA B KPOBb ABISETCA aTpHOYTOM H NMPH3HAKOM €CTECTBEHHOro cMMOHO3a
MHKPO(JIOpbI U OpraHu3Ma. DTOT CHMOHO3 HEOOXOAHM JUIsl €CTECTBEHHOIO TOHYCA 3aLLUMTHBIX CHCTEM
OpraHu3Ma, BKJII04asi HMMYHHYIO.

DKCIEPUMEHTAIBLHO NIPOAHATH3HPOBAH YPOBEHb YHIOTOKCHHA B KPOBH KPBIC Pa3HBIX CEPHM OMbI-
T0B (Bcero 12), KOTOpbIC HAXOAMJINCH HECKOJIBKO 4acoB (10 4-X) B TEYEHHE HEJENIH B YCIOBHAX IOpH-
30HTAJbHOM MM AHTHOPTOCTATHYECKOH TMMOKHHE3WH. CpaBHMBAIM YPOBHH 3HIOTOKCHHA B KDPOBH
KPbIC pa3HbIX CEPHi MOCIE MPEABAPUTEIbHON IEKOHTAMUHALIMM, HIIH ACKOHTAMHHALMH U BBEJICHHA JIH-
nononucaxapuna Escherichia coli B pazuble nepuozsl Habmonenus. Okasanock, uto BeeaeHue 10 Mr/kr
3H/IOTOKCHHA KpbICaM Ha 7-i IeHb aHTHOPTOCTATHYECKOH TMIIOKHHE3HH HE NPHUBOJUT K PAa3BHTHIO JIH-
XxopazkH (TonepaTHOCTh). C Apyroi CTOPOHbI, HHBEKIMS TAKOH XK€ 103bl IHAOTOKCHHA KpbICaM, MOA-
BEpPraBILMMCS AHTHOPTOCTATHYECKOH TMIIOKHHE3HH H JCKOHTaMHHALMH, BEIeT K ()OPMHPOBAHHIO TH-
NUYHOI ABYX(a3HOM JTUXOpaAKH. YPOBEHb JHAOTOKCHHA B CBIBOPOTKE KPOBH KPBIC C CEMH/IHEBHOH aH-
THOPTOCTATHYECKON FHIIOKHHE3HEH ObLT BBILIE, YEM B IPYIIE KPhIC, HAXOIAIIHMXCSA B CBOOOJAHOM 1OBE-
nenuu. [locsie npeBapuTeNbHONH NEKOHTAMHHAILMH H TOCJIEYIOIEr0 NPEAbABICHUS CEMHIHEBHOM aH-
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THOPTOCTATHYECKOH HArpy3KH COJEpPKaHHE 3HIOTOKCHHA B CHIBOPOTKE KPOBH KpBIC JOCTHIacT KOH-
TponbHOTO ypoBHsA. TakuM 06pa3oM, HAaKaNJIMBAIOTCA YKCNICPUMEHTAIbHBIE (QaKThl, MOATBEPXKAAKONIHE
TOYKY 3pPEHHS O BaKHOH POJIM TPAHCJIOKALMH JIMIIONOIMCaXapHa U3 KHIICYHHKA BO BHYTPEHHIOIO cpe-
Jly OpraHu3ma IpH CHTYalUHsIX, MOJACIHPYIOIIHX MHKPOIPABHTALMIO. DTH IKCIICPUMCHTA/IBHBIC JIaHHbIC
BaXHbl B TCPBYIO OdYepeab B INPHKIAIHOM AacleKTe, MOCKONbKY ABIAIOTCS 6asucoM s pa3paboTku
KOHKPETHBIX MEPONPHATHI, HANPaBJICHHBIX Ha KOPPEKIHUIO IMPOLECCa TPAHCIOKALHH B YCIOBHAX MHK-
pOrpaBHTALIMH H HEBECOMOCTH.

Urak, B X0/1€ SKCIIEPUMEHTAIBHBIX HCCIICOBAHNH YCTAHOBIEH (DaKT Pa3sBUTHs TOJIEPAHTHOCTH K 9H/I0-
TOKCHHY B YCJIOBHSIX JICHCTBHA (JaKTOPOB, BBI3bIBAIOIIMX TPAHCIOKALMIO SHIOTOKCHHOB M3 KHIIKH BO BHYT-
PEHHIOIO cpeTy opraHu3Ma. BepH(HIMpOBaHa THIIOTE3a O TOM, YTO SHAOTOKCHH, COAEPIKALLMICS B JKEITy104-
HO-KHIIIEYHOM TPAKTE, MOXKET OBITh OTHOHM M3 OCHOBHBIX NPHYHH HHHLMALMH CHCTEMHOIO BOCIAIHTEIBHOTIO
npoLecca MpH ONPEIEICHHBIX YCIOBHAX (B YaCTHOCTH, NPH BEPTHKATLHOM YKaYHBAHHH WM aHATHOPTOCTATH-
4eCKOH I'MITOKHHE3HH). XapakTep pa3BHTHA CHCTEMHOTO BOCHAIMTEIBHOIO OTBETA MPH MOBTOPHOM JKCIIEPH-
MCHTAIHHOM BBEICHHH SHIOTOKCHHA 3aBHCHT OT BPEMEHH, MPOLIEIILIETO I10C/Ie H3MECHEHHS JIEHCTBHS TPaBH-
TAUMOHHOTO (haKTOpa, MPOIODKHTEIBHOCTH JACHCTBHA 3TOr0 (haKTOpa, COCTOAHHA MHKPO(IIOPbI KHILCYHHKA H
MHTCHCHBHOCTH MPOLIECCa TPAHCIIOKALMH SHIO0TOKCHHA U3 KHIIICYHHKA BO BHYTPEHHIOIO CPEly OpraHH3Ma.

ITH 3aKITI0YEHHA aKTYalbHbl JUIS PACCMOTPEHHS €Il OJHOrO BaKHOTO (PM3HOIOrHYECKOro BOTIPO-
ca. B nepuoj BHYTpHYTPOOHOrO pa3sBHTHA IUIOA HAXOAMTCA B OKOJIOIUIOAHBIX BOJAAX, YTO €CTECTBEHHBIM
06pa30M HW3MEHSET JeHCTBHE rPABHTALMOHHOrO (hJakTOpa M €ro BIMAHME HAa SMOPHOHANBLHOE Pa3BHTHE.
[Ipu TOM ¢ yBEJIHYEHHEM MAcCChl IUI0Ja ACHCTBHE MHUKPOIPABHTALMH CHHXKAETCS, TaK KaK BO3pacTact
COOTHOIIEHHE MAaCChl I10/1a M OKOJIOTUIOAHBIX BOA. DTO COOTHOILIECHHE CBOJMTCA K MUHHMYMY HEMOCpC/-
CTBCHHO nepe/l pofiaMi. HeZlaBHO MOSABHIINCH CBEJCHHS O TOM, YTO HOPMalbHast MHKPO(/I0pa KHILICYHH-
Ka y MJI0/1a 3aKJIa/IbIBacTCs BO BTOPOH M0JIOBHHE GEPEMEHHOCTH OT MaTEpH BCICACTBHE npouecca 6akre-
pHanbHON TpaHcaoKauuu [7]. B cBA3M ¢ 9THM, BMOJIHE JJOTHYHO MPEINONOKHTb, YTO H3MEHEHHE JICHCT-
BHS IPaBUTALMOHHOTO (hakTOpa B MpoLecce BHYTPHYTPOOHOTO pasBUTHA IUIO/A CIIOCOOHO CKa3aThCs HA
MHTCHCHBHOCTH MepeMeIeHHss MUKPO(IOPh! U SHIOTOKCHHOB M3 JKeJTyI04YHO-KHIICYHOTO TPaKTa Iio/a
B €ro BHYTPEHHIOW cpeiy. EcTh ele oaMH BakHBIH acnekT 3Toi npobnemsl. He paspaboran Bonpoc o
3aKOHOMEPHOCTSAX MPOHHKHOBEHHS YHIOTOKCHHA W3 KPOBEHOCHOIO pycClia MaTtepH BO BHYTPEHHIOKO Cpe-
Jy opranu3ma mioza. Ilenecoobpa3sHocTh OTBETa, HECOMHEHHO, Ha3pela, y4YHThIBas JIHTEPATYpPHbIC CBE-
JIeHHA O TIPOHHLIAEMOCTH ILTALlEHTapHOro Gapbepa He TOJBKO JUIA YHIO0TOKCHHA, HO JUIA pslia MHKpOGOB
[7). Ananu3 3THX cBeaeHHiT MOGYMI OXHOTO H3 COABTOPOB JAHHOH CTaThH 3aHATHCA pa3paboOTKOil BO-
npoca 0 JMHAMHKE YPOBHS SHIOTOKCHHA M NMPOBOCTIAMTEIbHBIX LIHTOKHHOB B CHIBOPOTKE KpOBH Gepe-
MEHHBIX JKEHIMH. B pe3ynbraTe npoBeieHHbIX HAOMIOJCHHH YCTAaHOBJICHA CBA3b MEXKY YPOBHEM KIIHO-
YEBOTrO IMTOKMHA CHCTEMHOTO BoCanuTebHOH oTBeTa (IL6) M BHIpa)KEHHOCTBIO TOKCHYECKHX MPOsBIIC-
Huii y GepeMeHHbIX. ITH HaKThbl HHHUMHPYIOT MOABJCHHE HOBBIX BONPOCOB O (PH3HONOrHYCCKHX H MaTo-
(M3HONOTHYECKHX aCTEeKTaX MPOLECCa TPAHCIOKALMH JHIOTOKCHHOB H MHKPOOOB B pasHbIC MEPHOIbI
OHTOreHe3a yesioBeka. [TosBIeHHE ITHX BOMPOCOB JIMIL MOAYEPKHBAET aKTyalbHOCTh NPOOIEMBI H 1ie-
1ecoo0Opa3HOCTD €€ H3Y4YEHHs B JaJbHCHILEM.

Pa6oTta ()uHAHCHPOBAHA U3 CPECTB COBMECTHOIO 6e10pyCCKO-(paHIly3CKOro rpaHTa.
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THE FEATURES OF ENDOTOXIN
TRANSLOCATION PROCESS IN HUMAN AND ANIMAL ORGANISMS

'_ 4. A. Kuleshov’s Mogilev State University, Mogilev, Belarus:
°~ Institute of Physiology, National Academy of Sciences of Belarus, Minsk, Belarus;
i~ Anger University, Anger, France

Summary

There carried out of the analysis of endotoxin and microbes translocation from a gastrointestinal
tract to the internal milieu of an organism in norm and at a pathology. The physiological role of endo-
toxin translocation in natural conditions is shown. At development of pathological conditions the trans-
location process is playing a pathophysiologic role and at the certain situations including acting as the
trigger of pathological processes development.
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D. MODIFICATIONS VASCULAIRES ULTRASTRUCTURELLES

L’hypokinésie antiorthostatique modifie I'endothélium de micro vaisseaux cérébraux

“YIIbTPACTPYKTYPHbIE USMEHEHUA B COCYAX MO3I'A MNMPU
AHTUOPTOCTATUYECKOW MTMNOKUHE3NMN /

LES CHANGEMENTS ULTRASTRUCTURELS DE VAISSEAUX CEREBRAUX INDUITS
PAR HYPOKINESIE ANTIORTHOSTATIQUE”

Navasiolava NM, Pashkevich SG, Emelianova AA, Custaud MA, Kulchitsky VA. - Neuroscience:
theoretical and clinical aspects 4(2):21-24, 2008

“OCOBEHHOCTMU YNIbTPACTPYKTYPbl MUKPOLIUPKYNIATOPHOI'O PYCJIA MO3rA
KPbICbI MOCIE ABYXHEQENbHOU AHTUOPTOCTATUYECKON MIMOKUHE3UN /
LES PARTICULARITES DE L’'ULTRASTRUCTURE DE MICRO VAISSEAUX
CEREBRAUX DU RAT APRES 2 SEMAINES DE L’HYPOKINESIE
ANTIORTHOSTATIQUE”

Emelianova AA, Pashkevitch SG, Navasiolava NM. - The problems of regulation of visceral functions.

NASB, Anthology of scientific papers, in two volumes. Minsk. Vol 1:24-27, 2008

L’hypokinésie antiorthostatique et 'endotoxémie expérimentale induisent des changements
semblables dans I'endothélium de micro vaisseaux cérébraux. L'endothélium semble aminci
et de nombreuses excroissances d’endothélium sont apparues dans le lumen vasculaire ;
des zones de desquamation et dénudation de membrane basale apparaissent aussi.

Ces changements microstructurels pourraient étre déclenchés par le méme mécanisme:
celui des endotoxines décrit au chapitre précédent. L’hypokinésie antiorthostatique pourrait
induire une augmentation de la translocation de I'endotoxine vers le milieu intérieur.

[l s’agit d’'une étude préliminaire n'‘étudiant que quelques coupes et qui nécessitera de plus

amples investigations.
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VIBTPACTPYKTYPHBIE U3BMEHEHHSA B COCYJIAX MO3TI'A ITPH
AHTHOPTOCTATHYECKOW T'MIIOKUHE3UH

'Unemumym ¢usuonroeuu HAH benapycu, Munck, Pecnybaukxa beaapyce
2Vuueepcumem Anxcepa, Ppanyus

Pepepam. Ycmanoeaeno, wmo npu aHmuopmocmamu4eckou
2UNOKUHE3UU U IKCNEPUMEHMANbHOI IHOOMOKCeMuu Ha-
6at00aromes  CX00Hbe YabmpacmpyKmypHsle U3MEHEeHUA 6
MuKpococyoucmom pycae, Hauboaee 6bipaxceHHvie 8 3H00-
meauaabHoM caoe. Indomenult UCMOHYAEMCA, NPoOUCXOOum
€20 0eckeamauus, NOAGAAIOMCA MHO20HUCAEHHbIE 6bipOCmbl
@ npoceéem cocydos u deghekmbl IHOOMEAUAALHO20 CA0R C
obHaxcenuem GazanvHolt memOpars.. Beickasano npednono-
JCeHUe, YMo mpleeepom YKa3aHHuIX CMpyKmypHsix npeodpa-
308aHuUll IHOOMeAUs 6 06OUX CAYHAAX A6AAeMCA IHOOMOK-
CUH, NOCMYNGIOWUIL NPU AHMUOPMOCMAMUYECKON 2UNOKU~-
He3uu 60 GHYMPEHHION Cpedy O0p2aruMa U3 MeayooyHo-
KUWeYHo20 mpakma 6 npouecce mpaHCAOKAuulL.

Karouessie c406a: aHmuopmocmamu4eckas UnOKUHe3Us, H-
domeaui, 3HOOMOKCUH

BHporenuit, GOpMUPYIOLIUI BHYTPEHHIOK IMO-
BEPXHOCTb KPOBEHOCHBIX M JIMM(ATUYECKUX COCY-
JIOB, UTPaeT BaXHYIO PoJib B KOHTpOJIE Ba30OMOTOP-
HOro TOHyca U reMOAMHAMHUKH, B3aUMOLEHUCTBUU C
hOpMEHHBIMM M MHBIMU 3JIEMEHTAMH KPOBHM, IMpPO-
HULAEMOCTH, nposudepauuu, MOAIEpKAaHUU HUM-
MYHHOTO ¥ FéMOCTaTU4YeCKOro 6ajlaHCOB, CEKpELIMH
peryasTopHbiX cyoctaHumii [8]. PyHKUMM HIOTE-
s GaKTHYEeCKH CBSI3aHbI CO BCEMHU IMPOLIECCAMM,
MPOUCXOASIIUMMU HAa CpaHMUIE BHYTPEHHEH Cpeibl
opraHu3ma u TkaHeii [7]. B cBsI3u ¢ 3TUM CTaHOBUTCS
MOHATHBIM, MOYEMY KJIETKU SHAOTEJUSI MPU Pa3BU-
THH MaTOJIOTMYECKUX COCTOSIHUI B LIEJIOCTHOM opra-
HU3ME aKTHBHO BOBJIeKalOTCS B (opMUpPOBaHUE
3aLIMTHBIX peaKIii, BKIIOYAIOLIMX CUCTEMHbIE BOC-
naJMTe/IbHbI€ OTBEThI, ayTOMMMYHHbIE, NTpoiudepa-
THBHBIE M, B LIEJIOM, FOMEOCTAaTHYECKHE MPOLIECCHI
[8, 9, 18]. Ilpu 3TOM BO3AEHCTBUE IKCTPEMATbHBIX
(hakTOpoB (TMMOKCHS, UHTOKCHKALIUS, BOCIATIEHHE,
OpTO- WM @aHTHOPTOCTATUYECKAs HArpy3Ka) cornpo-
BOXIaeTcs HapyleHueM GYHKLMI SHAOTETUS BIUIOTh
10 BO3HUKHOBEHHs ero AUcYHKLHUHA, YTO OTpaxa-
eTcs Ha 3 GEeKTUBHOCTH KOHTPOJISI pa3HOOOPa3HbIX
MpOLIECCOB B OpPraHu3Me, B TOM 4YHCiIe, M Tex,
KOTOpbI€ CBSI3aHbI C AESTEJIbHOCTbIO 'MCTOreMaTH-
yeckux Gapbepos [10, 15].

IucroremMatuuyeckue Oapbepbl pPEryjJupyrT 00-
MEHHBIE MPOoLIeCChl MEXY BHYTPEHHEH cpe1oii opra-
HM3Ma U TKaHAMH, obecrieunBasi MOCTOSIHCTBO DU~
3UKO-XMMHUYECKUX U OMOJOrMYEeCKUX CBOMCTB TKa-
HeBoit Xuakoctd. Hanpumep, Ha nyTu cybcTaHLMIA,
MOCTYNALIMX B OPraHU3M M3BHE MM oOpasyio-
IMXCS B Mpoliecce MUIleBapeHusl, CTOUT psa 6apb-
€poB, BKJIIOYAIOWMX W cloit aHxotenus. Cpean
TaKUX GU3HOJIOTMYECKUX MPErpal MOXHO BbIAEIUTh
3MUTEIMATBHBIH U SHAOTEUATbHbINA Gapbepbl, CJIOM
[JIMKO-, MYKO- U JIMMIONPOTEMHOB, TTTMKOKAJIMUKC,
aHa3poOHyl0 MUKpodIOpY KULIEYHHUKA, JTUMOUI-
HYI0 TKaHb XeJIyI04YHO-KUILEYHOTOo TpaKTa U ap. [6].

OcnabiieHue 3alUUTHBIX CBOWCTB 6apbepoB B
OTHOILIEHHHM TOKCUYHBIX BeleCTB KaK MOCTynalo-

Kopecnondenuus: A.M. Hosoceaosa, HMncm. ¢pusuor. HAH,
ya. Akademuueckas, 28, Munck, 220072, beaapycs

ILIUX U3BHE, TaK U 00pa3yoLLIUXCS B CAMOM OpraHu3-
Me, MOXET SBUTbCS MPUUYUHON BO3HUKHOBEHMS
MaTOJOTHYECKHUX MMPOLIECCOB. DTOMY CMOCOOCTBYET
H3MEHEeHUEe TMPOHULIAEMOCTH TKaHEBBbIX OapbepoB,
KOTOpoe HabiogaeTcst Npu AeMCTBUM MOHU3UPYIO-
IEro, 3JIEKTPOMAarHUTHOTO U YJIbTPadHOIETOBOrO
ob6yyeHU i, yIbTPa3ByKOBOM BO3AEUCTBUU, TMIep-
U TUMOTEPMUH, ULLIEMUU, TUTTOKCUHU, THITOKUHE3UH,
MHTOKCHUKALMSAX, TMUMEPOKCUM, runepbapuu, aei-
CTBHWH MOBBILIEHHOTO U MOHUXEHHOro aTMocdepHo-
ro JaBJeHUsl, IeUHHEPBALIMU TKaHEH, BO3AEHUCTBUU
3JIEKTPUYECKOro TOKa, 0XOorax, TpaBMax pasjiMyHoi
3TUOJIOTUU, 3KCMEPUMEHTAJIbHOM LIOKE, CTpeccax
[1, 2, 4, 11]. YcTaHOBIEHO HapylueHUe GapbepHbBIX
byHKUMI TKaHel NpU AEHCTBMM HA OpPraHU3M rpa-
BUTALMOHHBIX (akTopoB. Tak, OOHOW W3 MPUYUH
pPa3BUTHUSI CHHAPOMA YKaYMBaHUSI SIBJSIETCS] MPOHUK-
HOBeHMe OaKTepUil U SHAOTOKCUHOB U3 KUILIEYHHKA
BO BHYTPEHHIOIO Cpeay OpraHu3Ma (TpaHCJOKaLus)
[4]. [To MHeHwuIO psiza aBTOpOB [2, 6, 11], ecTecTBeH-
HBI# MpoLEeCcC TPAHCIOKALMU SHAOTOKCHHOB SIBJISIET-
csl HeOOXOAMMBIM YCJIOBUEM LTSI MMOAAEPXKAHUS UM-
MYHHOTO CTaryca W ONTUMAaJbHOTO YpOBHs 1y6o-
KOif TeMITepaTypbl TeJla y TEMIOKPOBHbIX XXUBOTHBIX.
BbickazaHO MNpeanojoxeHue, 4To MUKpodIopa U
3HAOTOKCUHbBI XEJTYAOYHO-KUILIEYHOro TpakKTa siB-
JIAIOTCS €CTECTBEHHBIMU AKTUBATOPaMU HEPBHBIX
OKOHYaHMI BUCLIEPAJIbHBIX OPraHOB U, TAKUM obpa-
30M, y4yacTBylOT B (OpPMUpPOBAHUM KaK TOHYyca
aBTOHOMHOI#1 HepBHO#M cucTembl [13, 16, 17], Tak u
MMMYHHoro ctartyca [ 3, 14]. [I[poHMKHOBEHHUE HIO-
TOKCHHOB B KPOBb (9HIOTOKCEMMUS) COMPOBOXKIAET-
csl aKTMBallMed 3alUMTHBIX peakUMil opraHusma, B
YaCTHOCTH, pa3BUTUEM CUCTEMHOIO BOCTIAIUTE/IbHO-
ro orseta 12, 16|, HanpaBJeHHOro Ha NMEPBBIX MOpax
Ha COXpaHEeHMe XHU3HeIesiTebHOCTH opraHusma. B
ciayyae MOBTOPHOIO MOMaJaHUsi IHAOTOKCHHOB B
CHCTEMHBI KPOBOTOK MPOMCXOAUT TpaHCHOpMaLIUs
OTBETHBIX peaklMil OopraHu3Ma, Koraa MOXeT pa3-
BUTbCSA KaK MX yrHeTeHUe (TOJIEPAaHTHOCTb), TaK U
ype3mepHas aktuBauusi [4, 12, 14]. Kak Oyayr
pearupoBaTh KJIETKH 3HAOTENUSI Pa3HbIX PErMOHOB
KPOBEHOCHOIO pycJjia B YCJIOBUSIX MHOTOKPAaTHOIO
MOJIEJITMPOBAHUSI AHTUOPTOCTATUYECKON TMITOKHUHE-
3UM, KOTJA COIJIAaCHO NMPUBEAECHHbIM BbIlLE JIUTEpPA-
TYPHBIM CBeIeHUSIM MOryT cchopMUpOBATHCS YCI0-
BUSI KaK [UISl TMPOSIBJEHHUSI TONEPAHTHOCTH, TaK W
MOBBILLIEHHO! PEaKTUBHOCTH IHAOTETUAIbHBIX KJle-
Tok? Hanuuue npoTUBOpeYMili B OTBETAX Ha 3TOT
BOMpPOC MOOYyAUJIO aBTOPOB c(OPMYJIUPOBaTh LEJb
paboTbl caeaylolUM oO6pa3oM: MMPOBECTH aHAIU3
CTPYKTYPHO-(YHKLUMOHAIbHBIX OCOOEHHOCTEH 3H-
JOTeJIUsi KPOBEHOCHBIX COCYIOB MpPU MOAEIUpPOBa-
HUU aHTHOPTOCTaTUYeCKOU runoknHe3uu (AHOI) y
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kpbic (AHOT sBnsietcss oaHOW W3 MOMYJISIPHBIX
KCMEPUMEHTAIbHBIX MoOJeaeil aHajlIu3a MeIauKOo-
OMOJIOTHYECKUX 3aKOHOMEPHOCTEN B YCIOBMSIX He-
BECOMOCTH).

Matepuanb U METOBH

B ycnoBMsIX XpOHMYECKOTO OMnbiTa Ha 46 Kpbicax
3KCMepUMEHTaJIbHbBIEe MMpoUeAYpbl HAaYMHAIU B
9.00-9.30 yrpa. 2KMBOTHBIX a1aNTUPOBAJIU K YCJIOBU-
M 3KCMEepUMEHTa, B YACTHOCTH, MpeObIBAaHUIO B
MeTA/UTMYECKUX pelleTyaTbiX 60Kcax, OrpaHHYMBaio-
IIMX UX MOABMXHOCTD (7 eXeIHEeBHbIX TPEHUPOBOK
no 2-4 yaca). B neHb npoBeaeHUs OMNMbITOB OOKCHI €
KpBICAMH pacrosiaraii B TepMocTaTax npu temrepa-
Type 29°C u oTHOCHTebHOI BraxHocTH 50%. Kono-
HUYecKylo Temnepartypy Tena (TK) peructpupoBain
Me/1b-KOHCTAHTAaHOBBIMU TEPMOMapamHu (3J1eKTpoTep-
mometp dhupmbl “Physitemp”, CLLIA), KkoTopbie pac-
nosaraiM B TojcToi Kuilke (8-9 cMm oT aHyca).
MOHUTOPUHT TYyOOKOI TemrepaTypbl MPOBOAWIH
Kax/ble 5 MMH. B TeYEHHE MSATH YACOB IOCIe BBEIE-
HUsl SHAOTOKCHUHA. 11 MO IMPOBAHUSI CUCTEMHOM
BocnanuTenbHoi peakuuu [13, 17, 19] kpbicam
BHYTPUOPIOLIMHHO BBOAW/IN SHAOTOKCHUH — JIUIOIO-
nucaxapyi KuiueyHoit nanouku Escherichia coli (JITIC,
0111:B4, List Biological Laboratories, Campbell, CA;
Lot No LPS-25E) B no3e 10 MKr/kr/mi.

C uenblo U3yuyeHHs YJIbTPACTPYKTYPHBIX OCOOEH-
HOCTeil MMKpPOCOCYIOB MO3ra KpbiC MMoOcje payil-
HApKO3a OCYLUECTB/SIM MHTPaKapAMAJIbHYIO TMep-
(y3ui0 anuporeHHbIM (HU3UOIOTHYECKUM PacTBO-
poM, a 3ateM 2,5% pacTBOpPOM IJ1yTapOBOTo aJiblie-
ruaa (10—12°C) Ha ¢ocdarvom 6ydepe (pH 7,4). B
pajbHeieM (pUKCaLnIo KYCOUKOB COCYI0B U TKaHHU
MO3ra MpPOBOAWJIN COIJIACHO OOLIENPUHATON METO-
JIMKe: OKpallWBaHHe PAaCTBOPOM YEThIPEXOKUCH OC-
MM, JIernapaTauneil B CMpTax Bo3pacTraiolleil KoH-
LHEHTPALIMK M 3aKJIIOYeHNeM OOBEeKTOB B CMECh
3MoHOB [5]. 3aTeM M3roTaBJMBaIM Cpe3bl TKaAHWU C
nomolubio yasrpammkporoma ¢dpupmel LKB (LLIBe-
LUMs) ¥ OKpalLMBAJIM UX LUMTPATOM CBHHLIA. AHAJIU3
M300paXeHn il MPOBOAMIIH C MOMOLLbIO 3JIEKTPOHHO-
ro mukpockona JEM — 100 CX (SInoHwus).

Jlns onpeneneHusi YPOBHSI LUMTOKMHOB B KPOBH
KPbIC IEKAITUTHPOBAIH C TOMOILBIO TMIIBOTHHBI (SAD
51330, CLLIA), ocyliecTBasIN B3ITHE KPOBH, KOTO-
pyio ueHTpudyruposanu 15 mun. npu 1500 06./MUH.
CbIBOPOTOYHYIO KOHIIEHTPALMIO MHTepJeiKnHa-6
(UJ1-6) u3Mepsiii METOAOM MMMYHO(EPMEHTHOTO
aHaim3a (ELISA) ¢ nomouubio Habopa wisi KpbiC
(Biosource Internat., Camarillo, CA, CLLUA) [12].

CratucTnyeckyo o6paboTKy JaHHbIX MPOBOAMIIH
¢ ucnosib3oBaHueM t-kputepusi CTbIOAEHTa U OAHO-
akTopHoro aucnepcuoHHoro aHanusza (ANOVA).
Passinumus cuyutanucek goctoBepHbiMu npu P<0,05.

Pesyanbtarb M oOcyXaAeHHUE

UccrienoBaHusi npoBeieHbl Ha 46 Kpbicax-cam-
uax auHuM Bucrap maccoit 0,25+0,03 kr. OaHa
YyacTh XMBOTHBIX ObUIa pacrpeaesieHa Ha 4YeTbipe
rpynnbl no 8 Kpbic B Kaxaoi. Kpbic nepBoii rpymnibl
(rpynmna |) exxeaHeBHO B TeyeHHUe 4-X 4acOB MoaABep-
ranu AHOI (P 45°) B 60kcax Ha NMpOTSIKEHUH ABYX
Hezenb. Kpbichl BTOpoit rpynmbl (rpymnmna 2) exen-
HEBHO OJHOBPEMEHHO C XMBOTHBIMM MEPBOii rpyn-
nbl HaxoAWJIMCh 4 yaca B Gokcax (rMMOKHHE3Ms).
KuBoTHBIX TpeTbeil rpynmnsbl (rpynna 3) Habaoaanu
B yCJIOBUSIX CBOGOIHOrO moBeaeHusi. B yeTBepToit
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rpynmne oTMe4YeHO, YTO TeMIepaTypa KOXH XBOCTA
Kpbic nipu 29°C B oKpyXaloleM Bo3ayxe Kojedasack
Kaxable 2-3 MuH. B ananasoHe ot 30 1o 33°C. Yepes
HecKoJIbKO ceKyHa mnocie Havyasa AHOI koxhas
TeMmrnepartypa cHu3ujaach 10 29°C, ocraBasich TakoM
Xe Ha nporskeHuu 10-15 MMH. M 3aTeM B TeyeHHe
2-3 muH. gocturna 35-36°C. Ha 3ToM ypoBHe
TeMreparypa MoaJepXuBajach OKOJIO yaca, 3aTeM
3ahMKCUPOBAHO €€ MUIaBHOE CHUXEHUE 10 31-
32°C B TeueHue noayyaca. Yepes 5-10 MUH. BHOBb
HabJodanu TMOABbEM TEMIEpPaTypbl KOXH XBOCTa
Kpbic 10 34-35°C (Ha 3TOM YypOBHe Temneparypa
coxpaHsinack 30-40 muH.). Ha 14-it neH» skcnepu-
meHTa ypoBeHb MJI-6 chusuncs (P<0,01) B rpynne
kpbic ¢ AHOT 1o 0,25+0,09 nr/mi no cpaBHEHHIO ©
XKUBOTHBIMU ¢ TunokuHesunei (4,01+0,57 nr/ma) u
TEMH, KOTOPbI€ HAXOAMJIMCh B YCIOBUSIX CBODOIHOTO
noseaeHus (3,69+0,56 nr/mn).

WU3MeHeHHEe YPOBHS MPOBOCMATUTEIBHOTO LIMTO-
kuHa WJI-6 B opraHuzme MoxeT ObITb BbI3BaHO
MHOTMMM MPUYUHAMM, B OCHOBHOM, accoUMHUpye-
MBIMM CO CTPECCOM, B TMEPBYIO OYepelb, BCIEACTBHE
TPAHC/IOKALMU 3HIAOTOKCHHA M3 XEJyA0YHO-KH-
1LIEYHOTO TPAaKTa BO BHYTPEHHIO Cpely OpraHu3Ma
[12]. Cucrematnyeckoe momeauposaHue AHOI u
TMMOKWHE3NU B TeUeHHe ABYX Helesb FMNnoTeTHye-
CKM JIOJKHO GbLIO MPUBECTH K BO3PACTAHHIO YPOBHS
WUJ1-6, onHako npu runokuHe3umn ypoeHb UJI-6 He
OTJIMYAJICS OT TAKOBOTO Yy KPbIC TPETbeil TPYIIbI,
KOTOpbI€ HAXOAMJIUCh B YCJIOBHUSX CBOOOAHOro no-
seaeHus, a npu AHOT (rpynna 1), conepxanue UJT-
6 B CHIBOPOTKE KPOBH CHU3MJIOCH Gosiee yem B 10 pas.
[Tpu 3TOM OCHOBOIT MEXaHM3Ma YBEJTHYEHHS TEMITE-
patypel koxu npu AHOI siBasiercs nmposoHrupo-
BaHHas IWJIaTaLUsl KPOBEHOCHBIX COCYI0B M BO3pa-
CTaHMe KPOBOTOKA B TKaHsX XBocTa [19], yto conpo-
BOX/aeTcsl yBeJiMueHueM Tteruiootaayu |11, 16] u
MOXeET GbITh OOYC/IOBIEHO MOBbILLIEHHBIM 06pa3oBa-
HUeM MoHookcuaa azorta [10, 18]. BeisiBreHHbIE
3aKOHOMEPHOCTH — TPOJIOHTMPOBAHHAs BAa30AMIIA-
Tauus u nageHue yposHsi MJ1-6 B cbiBOpoTKe KpOBH
npu 3kcrnepuMeHTanibHoi moaenu AHOI — moryt
ObITh MAPKEpPaMH MPOLIECCOB, OTPAXAIOIMMHU Hapy-
lIeHUe B3aUMOACHUCTBUSI PYHKLMOHATBHBIX CHCTEM
B YCJIOBUSIX MOJEJTUPOBAHUSI HEBECOMOCTH, YTO B
YCJIOBUSIX KOCMMYECKOro MoJIeTa COMPOBOXIAETCS
pa3BUTHEM [AaTOJOTMYECKUX COCTOSIHUIL. Bbickasbi-
BaeTCsl MHEHUE, YTO ANCHYHKLUS IHAOTETUS ABJISA-
eTcsl OIHUM U3 3TUX cocTossHMit [8]. s npoBepku
3TOro MpeanojoXeHus nposeaeHbl Mopdonoruye-
CKHE UCCIeIOBAHUSI.

B npoiiecce BbINOJIHEHHOTO 3JIeKTPOHHO-MHKPO-
CKOMUYECKOro aHau3a (n=7) B MUKPOCOCYIaX MO3-
ra yepes Hexmemaio nociae AHOI 3aduxcupoBaHbl
BbIpaXX€HHbIE U3MEHEHUSsI, KOTOPbIE MOXHO OLEHHUTh
KaK YJIbTPaCTPYKTYpPHbIE CABUIH, OTPaXalolline pas-
ButHe auchyHkuuu sHaoteaus. Ha pucynke |
npeacTaBieHbl CTPYKTYPHbIE OCOOeHHOCTH Ouasui-
JISIPHOTO cocyaa Kpbichl yepe3 oaHy Hexemo AHOT.
O6paliiaeT BHUMaHHe UCTOHYEHHUE IHAOTETHATBHO-
ro cJ10si B HEKOTOPBbIX YYacTKaX cocyla, BIJIOTH 10
obHaxeHust 6azaibHONU MeMOpaHBbI, MOSIBJIEHUE CITOXK -
HO#1 (hOpMBI IHAOTETHATILHBIX BBIPOCTOB B MPOCBETE
COCYAMCTOro pycia, BOJM3M KOTOPBIX pacrojara-
Juch GopMeHHbIE 3JIeMEHTBI KPOBH. DTH MPOLIECCHI,
Hapsily ¢ MU3MEHEHUEM AAre3UBHBIX CBOUCTB MeMO-



Puc. 1. CayuiMBaHue AByX MonepeyHo pacrnoaaratollnxcsi B liepedpaibHOM cocyie IHAOTETUATbHbIX KileToK. Ha ioMuHaibHOI
MOBEPXHOCTH BHMIHBI BbIPOCTbI Pa3HOW BeJHMUMHBI W (opmbl. YCI0BHsI IKCMEPUMEHTa — AHTHOPTOCTATHYECKAS! TMITOKHHE3Hs
7200,

VBeauueHue: HayaibHOE — Ha pucyHke — 1000

paHbl SHAOTETMOLIMTOB, BITOJIHE MOTYT MPUBOAUTD K
HapylIeHHIO TeMOIMHAMUKH M NMPOHHLUAEMOCTH CO-
CYAUCTOU CTEHKH.

YyutbiBasi 3TH JaHHbIE M C LEJbIO TMMPOBEPKU
BBIABUHYTON TMIOTE3bl O POJIH MPOLIECCOB TPAHCIIO-
KalUKU SHIOTOKCHHOB M3 XeJYI0YHO-KHUILEYHOTO
TpakTa BO BHYTPEHHIOIO cpely OpraHu3Ma Mpu
AHOT, B 10MOAHUTEILHOM TPYIINe XUBOTHBIX (N=7)
OCYILECTBUIN OJHOKPATHOE BHYTPUOPIOLIMHHOE
eeaeHue JIIIC (10 mkr/kr/mi). B atoit rpynne
KpbIC aHAJIM3HPOBAIM OCOOEHHOCTH MUKPOCOCYANC-
TOTO pyc/ia B TOJICTON KHILUKE, MOCKOJIbKY HMEHHO B
3TOM OTIeJIe XeJYAOUYHO-KMILEYHOro TpakTa Ha-
6.o1aetcsi HanboJibllee coaepkKaHue MUKPOQIIOpbI
[6, 11]. Ha pucyHke 2 npeacrtaBieHa 3J1€KTPOHHO-
MMKPOCKOMUYECKasi KapTHHA cOCyla TOJCTON KHLLI-

Puc. 2. CyOMHUKpOCKOMHUeCcKasi OpraHu3aliusl Kanuwuisipa
060104HOI KHILIKH KPBIChI B YCJIOBHSIX BHYTPHOPIOLIMHHOIO
BBeseHusi annonoancaxapuaa E.coli B nose 10 mkr/kr/ma. B
MPOCTPAHCTBE COCY/IA PACMONATAIOTCS TUMGPOLIUT U SPUTPOLIUT.
CreHka cocyna HCTOHYEHA, HA €10 TIOMUHATbHOM MOBEPXHOCTH
BbISIBJISIFOTCS! BBIPOCTBI, OTAE/IbHbIC H3 KOTOPBIX OTPLIBAIOTCS U
HaXoMATCH B COCYAMCTOM MPOCTpaHCTBe. YBeauueHHe:
HauanbHoe — 4800, Ha pucynke — 10000

KM yepe3 2 yaca rocjie BHyTPUOPIOUIMHHOIO BBee:-
Hug 10 mkr/kr/ma JITIC. BBeaeHue 3HAOTOKCHMH:
COMPOBOXIAETCS U3MEHEHUSIMU B 3HAOTEJIUM, Kap-
THHA KOTOPbIX BECbMa HAaMOMUHAET CABUIU B CTEHK(
cocyaa nocie AHOTI'. UcTtoHuaercsi ciioit aHAOTEUS
BbIPAXEHbI MpoLecchl aare3un GoOpMeHHbIX J1EMeH-
TOB KPOBM BOJM3U TpaHCHOPMUPOBAHHOI MeMOpa-
Hbl 2HAOTeTMOUUTOB. CTOJIb OJIM3KasH KapTHHA b
TPACTPYKTYPHbBIX MMEPECTpoeK B cocyldax Mo3ra ¥
KHMIIKH MPU MaTOT€HETUYECKU pa3HbIX [poleccay
MO3BOJIIET BbICKA3aTb TUMOTE3y O OJIU30CTH WY
MexaHu3MoB. Kak yxe yrmoMuHalIoCh, OCHOBOII npe-
JIOKEHHOU aBTOpaMU TMITOTE3bl SIBJISIETCS MPOHHUK-
HOBEHHME BO BHYTPEHHIOI Cpeldy OpraHu3ma 3HI0-
TOKCHMHA M3 XeJyIOo4YHO-KMILUEUYHOro TpakTa B pe-
3yJIbTaTe «[POpbiBa» HapbepoB (MTOJTOMKH 3aLUTHBIX
MexaHu3MoB). Crie10BaTe/IbHO, MOXHO 3aKJIIOYUTD,
4YTO OOHApYXEeHHbBIE YIbTPACTPYKTYpHblEe 0OCOOEHHO-
ctu MuKpococynoB nocie AHOI u B ycioBusix
SHIOTOKCEMUHU SIBJISIIOTCS OJAHUM M3 AOMOJHUTE/b-
HBIX apTYMEHTOB B IMOJIb3y BbICKA3aHHOW TUMOTE3bl
O pOJIM 3HAOTOKCHMHA B Pa3sBUTUU AMCHYHKUUU
sHpotenust mpu AHOT.

VceTaHOBIEHO, YTO AHTHOPTOCTATUYECKAs TUITO-
KMHE3Usl Y KPbIC COMPOBOXIAETCSI U3MEHEHUEM B
riasme ypoBHst MJ1-6 u HapylieHUeM perHoHapHOro
nepepacrpeneieHnuss KPOBOTOKA B COCY/lax XBOCTa.
BbickazaHO MpeamnosioXeHue, 4To TPUITEPOM CHC-
TeMHoOro ortBeta opraHusma npu AHOI sBasietcs
9HAOTOKCHH, MOCTYMAKLIHI BO BHYTPEHHIOIO Cpeiy
OpraHu3mMa M3 XeJYAOYHO-KMIIEYHOIro TpaKTa B
npouecce TPAHCIOKALUUU. DHIOTOKCEMMUSI COINMpPO-
BOX/1AaeTCsl CTPYKTYPHBIMU U3MEHEHUSIMU B COCYIU-
CTOM pycJe, HauboJiee BbIpaXXeHHbIMM M I€MOHCTpa-
TUBHBIMM B CTEHKE KPOBEHOCHBbIX cocynoB. Croii
SHIOTEIUSI UCTOHYAETCSI, MPOUCXOAUT €ro JecKBa-
MaLUsi, MOSIBJISIIOTCS MHOTOYHUCIIEHHbIE BBIPOCTHI B
MPOCBET COCYAUCTOrO pycia u aedeKTbl IHAOTEU-
AJIbHOTO ¢J10s1 ¢ OOHaXXeHUeM 6a3aibHO MeMOpaHHbI.
JlanbHeillne McceIoBaHUs MO3BOJIAT pa3obparbest
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B MEXaHU3MaX CTPYKTYPHbIX M (YHKUMOHATbHBIX
CABUIOB B 3HAOTEIUU MPU MOAETUPOBAHUM MUKPO-
rpaBUTAUMU U TPETOXKUTH MYTH NPODUIAKTUKHU
HETaTUBHBIX TMOCAEACTBUI ITUX U3MEHEHUI, B TOM
4yHcIie, U MYTEM KOPPEKLMH MPOLIECCOB TPAHCIOKa-
UMM 3HIOTOKCHUHA, YTO AKTYaJIbHO, B MEPBYIO oue-
pellb, 118 KOCMUYECKOU MEIULIUHBI.

Paboma evinoanena npu gpunancoeoii nodoepicke
benopycckoeo pecnybaukanckoeo ¢onda gyndamen-
mansHoix uccaedosanuti (epaum No 507®D-014).

N.M. Navasiolava, S.G. Pashkevich, A.A. Emelianava,
M.A. Custaud, V.A. Kulchitsky

Ultrastructural Changes in Brain Vessels
During Antiorthostatic Hypokinesia

It was found that there are similar ultrastructural
changes in brain microvessels, most pronounced in
the endothelium, during antiorthostatic hypokinesia
and cxperlmemal endotoxemia. The endothelium
thinned, its desquamation occurred, numerous
outgrowths into the vascular lumen and endothelial
defects with exposed basal membrane appeared. It is
suggested that these structural alterations in both
cases are triggered by endotoxin that comes during
antiorthostatic hypokinesia to the internal milieu
from the gastrointestinal tract in the process of
translocation. (Neuroscience: Theor. Clin. Asp.
2008. — Vol. 4, Ne 2. — P. 21-24.).

Keywords: antiorthostatic hypokinesia, endothelium,
endotoxin

A.M. HoBocbonosa, C.I". [Tauikesuu,
A.A. EmenbsinoBa, M.A. Kycro, B.A. Kyabuuubkuii

YAbTPacTpyKTYpHi 3MiHH B CYJIMHAX MO3KY
NPH AHTHOPTOCTATHYHIN rinmokiHesil

BcraHoBsieHO, WO MpU aHTHOPTOCTATUYHII TiMOKi-
He3il i eKCrepUMEeHTaNIbHIN eHIoToKceMil crocTre-
PIralThesl CXOXi YIbTPACTPYKTYPHI 3MiHU B MiKpO-
CYIMHHOMY pycili, HAUOUIbLL BUPaXeHi B €HAOTEi-
albHOMYy wwapi. EHpoTteniit crae OuUIbLI TOHKHUM,
BiAOYBa€TbCS MOro AecKkBamallisi, 3 IBJISIIOTbCS Oara-
TOYMCJIEHHI BUPOCTU B MPOCBIT CYOUH i AedeKkTH
€HAOTENIAIbHOTO 1apy 3 OroJieHHsAM Oa3ajibHol
MeMOpaHu. BucioieHo MpunyllieHHs, 1O TpUre-
POM BKa3aHMX CTPYKTYPHUX MEpeTBOPEHb €HIOTe-
Jlito B 000X BUMAAKax € €HAOTOKCHH, IO MOCTYIAE
NMpy aHTMOPTOCTATUYHII TiMOKiHe3ii y BHYTPIlLHE
CCPENOBULLE OPraHi3My 3i LUIYHKOBO-KHLIKOBOTO
TPaKTy B npolieci TpaHcaokauii. (HeiipoHayku: Teop.
KJiH. acn.— 2008. — T. 4, Ne 2. — C. 21-24.).
Ki11040Bi cJ10Ba: aHTMOPTOCTATUYHA TiNOKiHE3is, CH-
0TeNiH, €HIOTOKCHH
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OCOBEHHOCTH YJIbTPACTPYKTYPBI
MHUKPOLUUPKYJIATOPHOTI'O PYCJIA MO3I'A KPBIChHI
IOCJIE ABYXHEJAEJbHON AHTHOPTOCTATHYECKOM
I'MIIOKUHE3HUHA

A A. Emenvanosa, C. I" [Nawwxesuu, A. M. Hoeocenosa

HucrutyT dpusnonoruun HAH Benapycu, Munck

Beexenue. CocyaucTas NpOHMIAEMOCTE ABIIETCA OCHOBOW TPaHCKANHILTAPHO-
ro oOMeHa Ha ypoBHe MHKPOLUPKYJISTOPHOTO pycna. U3MeHeHHe MpOHHLEaeMo-
CTH BO MHOIOM 33aBHCHT OT CYOMHKPOCKOMHYECKOM OPraHH3al{K 3HAOTENHAb-
HBIX KIIETOK, B KOTOPbIX CHHTE3UPYETCs YacTh (PaKTOpoB romeocrasa. Ha yposue
SHOOTENHA COBEpLUIAETCs MHOTrO fpoueccos [1]. B cBa3u ¢ 3TuMm, Hapylenus B
CTPYKTYp€ M, CNIe0BaTE/bHO, PyHKUMH SHAOTENUS 3aHHMAIOT OIHO M3 KITOYEBBIX
MECT B Pa3BHTHH MHOFHMX CEPIAEYHO-COCYAHUCTRIX 3a00NeBaHHi, HAMPUMEp, B na-
TOFEHE3€ aTePOCKIIepO3a U €ro OCNoXKHeHH [2]. Bee Gonblue dakTos 3a To, uto B
BOZHUKHOBEHHH H Pa3BUTHU ATEPOCKIIEPO3a HE MOCIEAHIOI0 POJib HIPalOT BOCTa-
muTenbHble peakuuu. CHHTE3 JHI0TENHEM Leoro psna GakTopos pocra, yBenu-
4YE€HUE HX NMPOAYKUHMH NOA ACHCTBHEM MEIHATOPOB BOCHAIEHHA, OTHOCIT TAKXKe K
dbakTopam prcka atepockiieposa. PaciindppoBka MEXaHH3MOB, JIEXKALIMX B OCHOBE
COCYAONBHraTeIbHOH AUCHYHKUMM SHIAOTENHS M IMOUCK JEKAPCTBEHHBIX fIperna-
paToB, NpENOTBPAILAIOIHMX U/ WK 3PPEKTHBHO BIMAIOMMX Ha yke CHOPMHpO-
BaBUIYIOCA NAaTONOTHIO, NAIEKH OT 3aBepHICHHS.

3apaueii HacTosweH paboThI ABHIOCH H3yueHHe OCOOEHHOCTEH YIBTPacTpyK-
TYpBI 3MEMEHTOB MMKPOLIMPKYJIATOPHOTO pyciia 6a3suIIApHOro cocyIucToro pe-
THOHA MO3Tra KpbIC nocne 2-HeAeNbHOH TPDEHHPOBKH B YCIOBMAX aHTHOPTOCTATH-
Y€CKOMH M'MIIOKUHE3HUH. .

Marepnan U MeToabI McceaoBaHHs. OMbITHI IPOBENEHBI HA MOIOBO3PEIBIX
kpbicax Maccoit 250-350 r. Marepuan s 3M€KTPOHHO-MHUKPOCKOMHUYECKOTO HC-
C/IEA0BaHMUsA — KyCOYKH 0asuinsproi o61acTH MO3ra Kpeic — GPUKCHpoBanu B 4 %
pacteopc riyTapaneaeruna Ha 0,1 M docdarnom 6ydepe ¢ nocnenytoiuei huk-
cauuedi B 2 % pacTBope TeTpaokicH ocMHA. OO€3BOKHBAIH B CIMPTAaX BO3PAC-
TalOLIEH KPernocTH M aleTOHe M 3aKT0¥aii B cMech apanautos [3]. ViaerpaTou-
KHE Cpe3bl, KOHTPACTHPOBAHHBIE YPAHMUIALETATOM W LIMTPATOM CBHHLIA, aHATH3H-
POBA/IH B 3JIEKTPOHHOM MHKpockone JEM 100 CX.

PesynbTaTbl MccnenoBanuii U MX ofcyxkaeHue. B IKCMEpUMEHTAX yCTaHOB-
IEHO, YTO ABYXHEAENbHAA aHTHOPTOCTATHYECKAA IMITOKMHE3HUA COMPOBOXKAAETCH
CYOMHMKPOCKOMHMYECKHMH  H3MEHEHHSAMH B MHKPOCOCYaX apTepHaNbHOrO U Be-
HO3HOro pycna BepTeOpo-0aszunnapHoro OacceiiHa KayJajbHbIX OTAENOB CTBOIA
FOJIOBHOTO MO3ra, KOTOpbI€, KaK NpaBH/IO, HAXOASTCA B COCTOSHHH PEJIaKCallMH.

B apTepuansHOM 38eHe M3MEHEHMA YIIBETPACTPYKTYPhl BHIPAXKAIOTCS YBETHYEHHEM
CKJIaZIOK SHAOTEIUA H MHKPOBOPCHHOK Ha €ro MOBEPXHOCTHM, a TAaKkKe pOCTOM
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ypcna MUKPOMMHOLMTO3HBIX My3bIpbKOB. B ClTydasx oTeKa 3HAOTENIHATBHBIX Kie-
tok (DK) MOKET NPOUCXOAUTD HapyLUEHHE CTPYKTYPbI LHTOMIA3MATHIECKHUX Op-
raHesa B BUAE NECTPYKIMH MUTOXOHIPHATBHBIX KPUCT, H3MEHEHHS 00beMa 3H-
normaamamuacxoro PETUKYTYyMaA, YCUJIEHHA BAKYOJ/IM3alUHH LUUTOIIa3Mbl H TOAB-
IeHHs JIOKIBHBIX pacUIMpEeHHH MOIIHAOTENHATIBHOrO mpocTpancTsa. Sapa 3K
M3BMIMCTON KOHOMIypaluMd C HHBarMHaUMAMM, XPOMATHH CrpYNMHpPOBAH Y
sHyTpeHHei MemOpaHbl. M3veHeHne cTpyKTypHO-(yHKUHOHATBHBIX CBOHCTB 3H-
JOTETHAIBHBIX KI1ETOK B YCIOBHAX BBILUEHA3BAHHBIX OIMBITOB CMIOCOOCTBYET aire-
3UH POPMEHHBIX 3JIEMEHTOB KPOBH K €€ JIIOMHHAILHON [MOBEPXHOCTH (PHC. 1).

3 e gl v T
Puc. I. M3menenne vabTPacTpyKTYpbl 3HA0TEHAILHBIX KJIeToK (DK) 6asunaaphoii obnactu
MO3ra KpbIiChbI B JKCMEePHMEHTANBHBIX YCIOBHAX AHTHOPTOCTA3A. Onucanue B texcre. JId — qum-
douut, TII — tpomGouuTt, P — 3purpount, BM — Gazaabnas membpana, IIC - npocser cocyaa.
C:esa o1 TpomGounta - JK ¢ HapyweHHO# yabTpacTpyKTypoii. ¥ 11200

Ha puc. | BuaeH TecHbIi KOHTAKT GOPMEHHBIX 3JIEMEHTOB KPOBH — IMM(OLHTA
U JIeXkKalel psanoM ¢ HUM TpOMOOLIMTApHOH TUIAaCTUHKH, @ TAKXKE YPUTPOLHTA — C
3HOOTENHEM MHKpOCOCyaa. JlecTpyKLHMs pacrofioKEeHHBIX ClieBa OT TpoMOoLHTa
9K 3akmoyaercs B MoTepe UMM UMTOMIA3MATHUECKMX OPraHe/lT i MpeBpaLLeHHH
B OKpY)KCHHbIE MEMOPAHOM M BbIAAIOUIHECA B POCBET COCYAA MONOCTH.

MukpocTasbl 1 BHYTPHCOCY IMCThIE arperarbli IJpUTPOLIMTOB CnocodHel 06pa-
30BbIBaTh MUKPOTPOMOBI. [Ton00HbIE HapyLIEHUs COCYAMCTOTO KPOBOTOKA MOTYT
MPHBOIMTbL K MeHeTpauHH GHOpMEHHBIX 31EeMEHTOB KPOBH B TKaHb Mo3ra. De-
MEHTBI KPOBH OOHApYI)KUBAIOTCSA HE TOMBKO B MEPUBACKYIAPHOM [POCTPAHCTRE,
HO M CpenH CTpYKTYyp HEHPOMMII (pHC. 2, CeBa).



Puc. 2. Hapyuwiense yabTpacTpyKTyphi MHKPOUHPKYJATOPHOrO pycaa 6a3uLIapHoil o61acTu Mo3-
4 KpBICHI B yCTOBHAX AHTHOPTOCTA3a. CeBa — NoOsIB/IEHHE IPHTPOUMTA (IP) B MexKIETOMHOM
NpocTpaHcTse Heliponuas. Cripasa — 0TeK NEPHBACKYJIAPHOTO npocrpanctsa (ITIT), Hapymenue

YABLTPACTPYKTYPBI IHAOTEMHATLHOK KieTkH (IK) 1 6azanbHoii vemGpans (BM). AATK - sapo

FAHAILHOM KaeTkH, MB - mueaunniupoBannsie HEPBHbIC BOJIOKHA. YBE/IHYEHHE COOTBETCTB eH-

o — 10 200 u 13 000

[Tpn HapyWeHUH LETOCTHOCTH COCYTHCTON CTEHKH BCIEACTBUE MOBPEXKACHUS
YABTPaCTPYKTYpbl SHAOTENHATBHBIX KIETOK U 6a3alibHO MeMOpaHbl (bM), pac-
MOMOKEHHBIE B OTCKLUEM MEPUBACKYIAPHOM MIPOCTPAHCTBE EMEHTH Heifponus
HaCTHYHO pa3pywaroTcs (PUCYHOK 2, cripasa). Ha pucyHke BuaHbl bparMeHTHI
Pa3pYWIEHHBIX MHEIMHOBBLIX BOJIOKOH, OTEKIUAs MHTOXOHIAPHS M MHOIFOYMCIICH-
Hble MeMOpanHble 06pasoranus. B obnacTi Heiipomnuas, Haxoasueroca BOIU3H
COCYAa, pasnuiHUTh KaKHe-THOO NUCKPETHBIE CTPYKTYpbl HE MPEACTABSETCS BO3-
MOXXHBIM.

M3 aHanu3a Hawmx HaGMIOAEHHI CleayeT, YTO 4acTh MHKDPOCOCYA0B THIIOTe-
THYCCKH BBIKJIFOYCHA M3 KPOBOTOKA MO MpPHYMHE Pa3BHTHA cra3a. B HEKOTOPBIX
COCynax KpoBOTOK MpHOOpeTaeT XapakTep rpaHysispHOro. Ms-1a HaboqaeMoro
PACXONKICHHA KJICTOK B PE3yNbTaTe UX COKPALICHHS MEXIHIOTETHATbHBIC [IeH
PACIIMPAKOTCA, YTO HEM3MEHHO MPHUBEET K YBEIHYEHHIO MIPOHULAEMOCTH CTEHKH
cocyna. I1ono6HbIH 3 @eKT MOBBILEHHS MPOHHLAEMOCTH OTACNbHbIX Y4acTKOB
COCYNMCTOH CTE€HKH MPHHUHMNHAILHO HE OT/MYaeTcs OT KapTHHBI, KOTOpas Ha-
0.1101a€TCA NPY  BBIPAKEHHOM HCTOHYEHHH SHAOTENHATBHON BHICTIIKH MHKpO-
COCYOB.

basasnbHas MeMOpaHa — MEIKO3ePHHCTAs MACCa C HU3KOM MUIOTHOCTBIO — B yKa-
SaHHBIX IKCIEPHMEHTAILHBIX YCIOBUAX MOMKET HE3HAUMTENbHO YTONWATheA. B
CTy4asx e HapyLICHHs LENOCTHOCTH KIETOYHOM MeMOpaHbl M MOCIIeayoLero
paspbiBa COCya OHa yTONLIACTCA B HECKOJBKO pa3, a MAOTHOCTh CTAHOBUTCS Ha-
CTOJIbKO HHM3KOi, YTO €e 30Ha BBINIAAMT «IIPO3PAYHOI». TakuM oOpa3om, cyue-
CTBCHHO MEHACTCH XapaKTEPHCTHKA CPelibl, C KOTOPOMH 00A3aTeNLHO BCTPeUYaroTCs
BC¢€ BECLIECTBA, NMPOHHKAKLIHE U3 KPOBH B TKaHb H B 06paTHOM HalpaBJIEHHH. OTH
M3MCHCHHA MOTYT KacaTbCs COCTOAHMS BOJbI KaK PACTBOPHUTENS, COCTOAHUS MaK-
POMOJIEKY/l KaK aJCOPOLIMOHHBIX LEHTPOB, COCTOSHUA CTPYKTYPUPOBAHHOCTH
Cpellbl Ha MOJICKY/APHOM M HAIMOJNEKY/IIPHOM YPOBHSX, YTO B COBOKYMHOCTH
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MO7KeT ONPEIENATh CTENEHb IPOHHLIAEMOCTH OCHOBHOIO BELUECTBA KaK OHOrO M3
CTpYKTYPHBIX 3/IEMEHTOB IHCTOTEMaTHYECKOrO Hapeepa [4].

3axarovenue. MITak, B yCIOBHAX 3KCNEPHMEHTANBHOH aHTHOPTOCTATHYECKOH
CHIOKHHE3HH TIPOHCXOIAT HAPYLIEHHsS HE TOJIBKO YIbTPACTPYKTYPhl KICTOK MHK-
pOLMPKYIATOPHOTO pycia OazuIApHOH 001aCTH MO3ra KpbIC, HO H TOHKOH Op-
raHM3alHH 3J1EMEHTOB, HAXOIAWMXCA MO 00€ CTOPOHBI COCYAMCTOH CTEHKH. AK-
THBALMA IHIOTETHOLMUTOB BEUIECTBAMH, CHHTE3MPYEMbIMH CAMHM 3HIOTENHEM H
pacciabIAOWLHMH €ro Ik MyCKyIaTypy [5], a Takxke uzMeHeHue duzMye-
CKUX M XUMHYECKHX (YCHIIEHHE MPOIYKLUWH LIMTOKHHOB) CBOMCTB KPOBH B YCJIO-
BHAX AHTHOPTOCTa3a CMOCOOCTBYIOT aare3ud (GopMEeHHBIX 37IEMEHTOB KpPOBH K
TIOMHHANBHON MMOBEPXHOCTH cocyna. HemaBHO momy4eHbl 3KCMEPUMEHTAIbHbIE
NaHHble O HAPYLIEHUHM PErMOHAPHOIO KPOBOTOKA M M3MEHEHWH MHTEHCHBHOCTH
MeTabonu3Ma v KphIC B YCIIOBUAX aHTHOPTOCTATHYECKOH TMIOKHHE3MH [6]. Ha-
pYUIEHHE CTPYKTYPbl JHIOTENHOUMTOB, HX HaOyXaHHe W paspyluEHHE LUMTOMIA3-
MaTHUYECKMX OpraHell, pacliupeHHe MEXIHAOTENHOUMTAPHBIX LIeNed WU 3Ha-
YUTENBHOE UCTOHYEHHE IHAOTENHATBHOH BBICTHIIKH CIIOCOOCTBYIOT OTEKY IepH-
BACKYJIAPHOTO MPOCTPAHCTBA. JIeCTPYKLHMA CTEHKH COCYIOB, BIJIOTh 10 Hapyllle-
HUA MX LIEJOCTHOCTH, MOXKET ABUTHCA MPUYHMHON NOKaJBHOrO paclIMpeHHs Mo-
N3HAOTENHATBLHBIX TIPOCTPAHCTB, pa3pylleHus Oa3anbHOH MeMOpaHbl U MOfABIE-
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A. DISCUSSION GENERALE

1. Est-ce que I'immersion séche est un bon modeéle de microgravité ?

Aucun modéle terrestre ne peut reproduire tous les effets d’'un vol spatial. Ainsi le modéle
doit étre choisi en fonction des systémes que nous désirons étudier et des contremesures
que nous souhaitons tester. L’atout le plus important de 'immersion séche est 'absence de
gradient de support : I'appui est reparti également sur toute la surface corporelle. Notre
systéme de proprioception linterpréte comme [I'absence compléte d’appui, situation
comparable a celle de la microgravité réelle. C'est donc un modéle unique permettant
d’étudier les effets de la microgravité induits spécifiquement par 'absence d’appui. Dans le
contexte de l'immersion séche, il a été démontré que les signaux issus des zones d’appui
des pieds déterminent par voie réflexe le «on/ off » des muscles posturaux. C’est
également le modéle de choix pour étudier la redistribution du tonus musculaire avec la
chute du tonus des muscles extenseurs posturaux (Grigor'ev et al. 2004, Kozlovskaia 2008),
la facilitation des réflexes spinaux (Sayenko 2007, Kozlovskaya 2002), les perturbations du
maintien de la posture verticale (Sayenko et al. 2005) et de la locomotion (Mel'nik et al.
2006), et plus généralement le syndrome d’ataxie hypogravitationnelle (manque de
coordination fine des mouvements volontaires) (Kozlovskaia 2008). L’évolution des
désordres neuromoteurs en immersion seche et en microgravité réelle sont trés proches
(Kozlovskaia 2008).

Ce modéle serait intéressant a I'avenir pour explorer les liens entre les zones d’appui et le
systeme cardio-vasculaire. L’influx afférent des zones plantaires d’appui ou bien son
absence pourrait influencer la régulation réflexe de la circulation et induire directement la
redistribution sanguine parmi les différentes régions circulatoires.

En comparaison avec l'alitement prolongé, 'immersion séche est un modéle accéléré. |l faut
60-90 jours d’alitement pour atteindre le méme niveau de perte de fonctions contractiles

musculaires qu’aprés 7 jours d'immersion (Grigor'ev et al. 2004). Cette perte en immersion
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apparait en raison de la détérioration de I'appareil neuromusculaire (« motor drive »), avant
gque l'amyotrophie ne survienne.

Concernant les changements de la balance hydro-sodée avec le modéle d’'immersion séche,
nous avons montré une perte rapide du volume plasmatique plus importante qu’avec le
modéle d’alitement et comparable a celle mesurée en vol spatial (selon les données
obtenues dans la station « Mir », la diminution de volume plasmatique en vol est d’environ
15% - Grigoriev et al. 2002). Sans oublier que les mécanismes de cette diminution en
immersion et en alitement antiorthostatique sont différents de ceux en vol réel (Norsk et al.

2001; Diederich et al. 2007).

Le modeéle d'immersion seche présente ses inconvénients. En comparaison avec un
alitement prolongé, la pression d'eau sur les régions abdominales et thoraciques génére une
résistance, aussi minime soit-elle, au fonctionnement des muscles respiratoires. La situation
d’immersion est moins habituelle pour ’lhomme que la position couchée. Cette situation peut
étre vectrice d'un stress émotionnel, particulierement a la phase initiale. Le confort thermique
n'est pas toujours assuré (Kovalenko & Gurovski 1980). Finalement, I'alitement peut étre
maintenu beaucoup plus longtemps ('immersion la plus prolongée était de 56 jours, et
I'alitement - de 370 jours, Huntoon et al. 1998). L’alitement prolongé reste ainsi le meilleur
modéle pour étudier 'amyotrophie et la perte osseuse, dont I'apparition nécessite de longs
délais d'hypokinésie.

Les modeéles d'immersion séche et d’alitement prolongé se complétent bien pour apprécier

l'intégralité des effets physiologiques de la microgravité.
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2. Déconditionnement cardio-vasculaire en immersion séche, considérations
méthodologiques

L’immersion séche induit incontestablement un déconditionnement cardio-vasculaire. La
baisse rapide de la capacité a l'exercice (Anashkin & Beliaev 1982), [lintolérance
orthostatique, la tachycardie majorée lors des tests orthostatiques (lwase et al. 2000) et la
diminution de tolérance a l'accélération (Vil-Viliams et al. 2001) ont été montrées avec ce
modele.

Pourtant, les effets de I'immersion séche sur I'intolérance orthostatique ne sont pas clairs.
Quel est le degré de diminution de tolérance induite par I'immersion par rapport a celui
résultant de l'alitement ou du vol réel ? La réponse n’est pas évidente. La méthodologie du
test orthostatique n’est pas toujours indiquée dans les publications. Elle varie selon les
auteurs par le moment (premier levé, jour de récupération 1 ou 2), le caractére du test (stand
ou tilt — avec appui sur les pieds ou sur la selle, angle d’inclinaison), la durée maximale du
test. En outre, il manque des données sur le type d’intolérance. De plus, les protocoles
d'immersion séche utilisés different par la profondeur d’immersion (jusqu’a cou ou jusqu’aux
aisselles), la période journaliere hors baignoire, la consommation d’eau et de nourriture (ad
libitum ou imposée).

Certaines considérations méthodologiques sont a souligner. Etudier des sujets jeunes
facilitera la comparaison avec les données d’alitement. Les individus ayant bénéficié d'un
entrainement physique soutenu sont prédisposés a I'hypotension et a [lintolérance
orthostatique (Ogoh et al. 2003). Les sujets dont la masse musculaire est particulierement
développée souffrent davantage de douleurs dorso-lombaires au début de I'immersion.

La période ambulatoire qui précéde l'immersion ne doit pas excéder 2 jours, sans quoi le
déconditionnement risquerait de s'amorcer, en lien avec l'isolement, le confinement et la
diminution de I'activité physique.

Les consommations d’eau et de nourriture, soigneusement notées, doivent étre de
préférence ad libitum. Un apport d’eau standardisé en quantité importante peut jouer le réle

de contremesure (Shulzhenko et al. 1977; Kokova 1984). Une alimentation inhabituelle et
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une consommation d’eau imposeée induisent de nouvelles conditions auxquelles chaque sujet
devra s’adapter. De plus, une alimentation familiére en quantité et en qualité crée un
contexte émotionnel favorable, élément capital dans le cadre d'expériences internationales.
Pour la durée dimmersion, 5 ou 7 jours semblent étre suffisants pour observer un
déconditionnement cardio-vasculaire. Cette durée est suffisante pour engendrer des
changements significatifs, tout en étant bien tolérée (jamais un volontaire n’a renoncé a
I'expérimentation avant la fin d’'une immersion de 7 jours dans I'expérience de I'IBMP).

Il faut éviter de surcharger le protocole par des tests, surtout par ceux qui nécessitent
I'extraction de volontaire de la baignoire. La profondeur d'immersion doit étre jusqu’au cou,
pour maximiser l'effet. Si 'on opte pour un levé quotidien de 15 minutes (ce qui est fait
habituellement), il faudra nécessairement en comparer les résultats avec ceux des
expériences d’alitement comprenant également un levé quotidien. Une bréve stimulation
orthostatique quotidienne peut jouer le réle de contremesure (Greenleaf 1984, Vernikos et al.
1996). Si l'on veut maintenir le protocole « strict », il faut minimiser les périodes hors
baignoire (douche, pesée) et au mieux, maintenir la position horizontale pendant ces
périodes.

La mise en ceuvre d'un test orthostatique standardisé lors du premier levé avec un
enregistrement en continu de la pression artérielle et de I'électrocardiogramme permettra
d’'obtenir une image la plus compléte possible de la tolérance orthostatique aprées

'immersion séche.
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3. Quels seraient les mécanismes de I’atteinte vasculaire induite par la microgravité ?
La Fig. 15 montre les mécanismes qui ont été étudiés dans ce travail. Les hypothéses

étudiées exclusivement sur modéle animal sont en italique.

Figure 15. Le schéma des mécanismes étudiés. EMPs, microparticules circulantes

endothéliales ; LPS, lipopolysaccharide

Changement de vecteur gravité

N

Redistribution de sang
| Translocation d’LPS

Redistribution de
pression transmurale

J flux sanguin
(\{ forces de cisaillement)

Inactivité Atteintes endothéliales Changement du tonus

myogénique

{ métabolisme énergétique

Remodelage vasculaire

Modification des forces physiques

Comme nous l'avons indiqué, les modifications du vecteur gravité et l'inactivité physique
modifient les forces agissant sur les vaisseaux. La microgravité annule la composante
hydrostatique de la pression artérielle, tandis que [linactivité physique diminue la
composante hydrodynamique.

Il semble que les modifications soient différentes au niveau de la macro- et de la
microcirculation lors des simulations par alitement prolongé (Demiot et al. 2007) et par
immersion seche (larullin et al. 1987). Aprés alitement, la réactivité vasodilatatrice des
vaisseaux est plutdt augmentée pour la macrocirculation (augmentation de la vasodilatation
induite par le flux dans les arteres de conduction, Bleeker et al. 2005b) et diminuée pour la

microcirculation (réduction de la réponse cutanée induite par [liontophorése de
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vasodilatateurs, Demiot et al. 2007). Nous supposons que les atteintes microcirculatoires
sont les manifestations les plus précoces, jouant ainsi un rdle important dans le
déconditionnement cardio-vasculaire. Nous avons montré que l'immersion séche induisait
rapidement les changements microcirculatoires prédominants sur I'endothélium. La
diminution des forces de cisaillement au niveau de la microcirculation liée a linactivité
physique serait en partie responsable de cette dysfonction endothéliale.

EMPs

Nos résultats chez 'homme suggérent un décalage de I'équilibre apoptotique endothélial en
faveur de l'apoptose, en l'absence de signe d'inflammation endothéliale (estimée par le
dosage de E-sélectine), d'activations leucocytaire et plaquettaire (estimées par les taux de
microparticules correspondantes). La production de microparticules par les cellules
endothéliales en immersion séche peut alors, méme partiellement, étre provoquée par la
diminution du tonus antiapoptotique.

Néanmoins, la production augmentée de EMPs pourrait étre induite par les facteurs associés
a l'activation du phénotype pro-inflammatoire et pro-thrombotique des cellules endothéliales :
la diminution des forces de cisaillement, 'augmentation de cytokines proinflammatoires, le
stress oxydatif excessif (Boulanger et al. 2006).

Les microparticules endothéliales semblent également jouer un réle fonctionnel. Au niveau
local, elles pourraient réduire la biodisponibilité locale du NO et donc altérer la fonction
endothéliale. A I'étage systémique, elles pourraient diffuser la dysfonction endothéliale au
sein de l'arbre vasculaire.

LPS

Des taux élevés de LPS dans le sang pourraient induire des atteintes endothéliales
(Dauphinee et al. 2006). Les conditions de changement de vecteur gravité pourraient
contribuer & une augmentation de la translocation de LPS. Avec le modele animal nos
résultats suggerent directement (augmentation de niveau du LPS dans le sang) et
indirectement (développement de tolérance au LPS et absence de cette tolérance en cas de

décontamination préalable) que cette translocation est augmentée.
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Métabolisme énergétique

Nos études animales ont relevé la diminution d’intensité du métabolisme avec le
changement du vecteur gravité. Les changements de régulation du métabolisme énergétique
pourraient induire des atteintes endothéliales. Il a été montré que I'inactivité physique chez
les sujets sains induisait une hypertriglycéridémie et une diminution de la sensibilité a
I'insuline (Bergouignan et al. 2010), en parallele a une dysfonction endothéliale (Hamburg et
al. 2007). Chez les rats, la suspension de 10 heures induisait une chute considérable
(jusqu’a 95%) de l'activité de la lipoprotéine lipase musculaire (Bey & Hamilton 2003).

Dans un protocole d'immersion séche, une augmentation significative de l'insulinémie a jeun
a été constatée (Afonin & Sedova 2008), argumentant I'nypothése de la résistance a
I'insuline, mais ce theme est encore insuffisamment étudié dans ce modéle.

Rhéologie du sang

Un autre facteur potentiellement responsable des atteintes des fonctions vasculaires est la
modification de la balance hydro-sodée. Les propriétés rhéologiques du sang, les forces de
cisaillement et les conditions hémodynamiques en sont affectées. Un remodelage vasculaire
peut en résulter.

Pourtant, les rhéologies sanguines macro- et microcirculatoires sont différentes. Une couche
mince pariétale du plasma est formée avec le mouvement du sang et les érythrocytes sont
"alignés" dans la coquille de plasma. En conséquence, les « gros » vaisseaux contiennent la
plupart des érythrocytes (hématocrite 40-50%) et les capillaires représentent un réservoir de
plasma (hématocrite 6-10%). Cette différence explique I'effet Fahraeus-Lindqvist — c’est-a-
dire la diminution de la viscosité avec la diminution du diamétre du vaisseau (Chien 1982).
Ainsi, une augmentation de I'hématocrite, et donc de la viscosité sanguine, dans les
macrovaisseaux pourrait ne pas avoir d’effet sur les microvaisseaux. Cependant, la majeure
partie des cellules endothéliales réside dans la microcirculation. Cela pourrait expliquer,
dans notre étude, l'altération des fonctions endothéliales malgré l'augmentation de
'hématocrite. Nous avons a prendre en compte la détérioration des conditions

hémodynamiques locales comme un facteur majeur de dysfonction endothéliale.
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4. Les atteintes vasculaires et le déconditionnement cardio-vasculaire général

Avec limmersion séche nous avons observé une dysfonction vasculaire au niveau
microcirculatoire prépondérante sur I'endothélium et des changements cardio-vasculaires en
général. Une tachycardie plus importante lors du stand test a R+2 témoignait du
déconditionnement cardio-vasculaire. En outre nous avons observé une augmentation des
taux de NT-proBNP pendant la période de récupération. BNP et NT-proBNP sont libérés en
réponse a la distension ventriculaire. Cela refléte le niveau des contraintes pariétales
s'exercant sur le myocarde et le remodelage potentiel myocardique. L'augmentation du NT-
proBNP peut étre liée au travail cardiaque plus élevé apres immersion. Cette augmentation
peut apparaitre comme un argument en faveur du déconditionnement cardio-vasculaire et
apprécier le degré de celui-ci.

L’hypovolémie est I'un des mécanismes reconnus dans le déconditionnement cardio-
vasculaire (Buckey et al. 1996, Convertino 1995). Nous avons observé une hypovolémie
pendant 'immersion. L’inactivité physique accrue, comme formulée dans I'introduction, induit
aussi des modifications fonctionnelles cardio-vasculaires.

Un lien possible entre une atteinte vasculaire et une baisse de la capacité a I'exercice serait

une diminution de I'aptitude vasodilatatrice des microvaisseaux, ce qui pourrait participer a la

o

diminution de consommation maximale d’oxygéne (V O,max). En outre, nous pouvons
suggérer une altération directe des échanges transcapillaires induits par les changements
endothéliaux.

Les liens entre une atteinte vasculaire et une intolérance a l'orthostatisme peuvent étre
établis sur les bases d'un possible déficit d’augmentation des résistances périphériques en
position debout et d'une altération de I'autorégulation de la circulation cérébrale.
L'insuffisance d’augmentation des résistances périphériques aux stimuli orthostatiques est
un facteur majeur reconnu d’hypotension orthostatique induite par la microgravité (Zhang

2001). Apres le vol, les astronautes intolérants a [l'orthostatisme ne présentent pas

'augmentation adéquate des résistances périphérigues totales en position debout (Buckey et

80



al. 1996), et aussi une moindre augmentation des taux plasmatiques de noradrénaline
(Fritsch-Yelle et al. 1996). Une dégradation des mécanismes vasoconstricteurs peut
apparaitre au niveau des récepteurs, des centres intégrateurs, des voies du systéme
nerveux autonome et des organes cibles (Blomqvist 1996), les organes cibles étant
principalement les vaisseaux.

Nous avons observé une diminution du flux sanguin cutané basal en immersion séche. Cela
suggeéere une vasoconstriction basale plus importante et donc une diminution de la réserve de
la vasoconstriction, qui peut conduire a une limitation de la réponse vasoconstrictive. Nous
avons observé aussi une diminution du volume plasmatique estimé. Cette diminution peut
étre a l'origine d'une augmentation du tonus vasoconstricteur basal et donc d'une diminution
des capacités de vasoconstriction supplémentaires. Selon I'hypothése de Convertino 1999,
la réserve vasoconstrictive diminuée peut étre le mécanisme principal de linsuffisance
vasoconstrictrice en cas dintolérance orthostatique. La capacité maximale de
vasoconstriction ne s’altére pas en microgravité (Convertino 1999), mais la réduction du
volume sanguin peut induire une vasoconstriction de base plus importante et ainsi diminuer
la réserve vasoconstrictive. Néanmoins les résistances périphériques totales n’étaient pas
modifiées dans notre étude. L’augmentation de la vasoconstriction cutanée pourrait
compenser la vasoconstriction insuffisante d'autres lits vasculaires.

Les changements adaptifs des vaisseaux cérébraux en réponse a une redistribution
liquidienne et une augmentation chronique des pressions artérielle et intracranienne en
conditions de microgravité pourraient également contribuer a lintolérance orthostatique.
Zhang et al. 1997 ont montré par mesure du flux cérébral que I'autorégulation cérébrale
pendant un stress orthostatique (LBNP) est diminuée aprés 2 semaines d’alitement
antiorthostatique. D’'un autre coté, Iwasaki et al. 2007 ont trouvé une autorégulation

cérébrale préservée, voire améliorée, apres un vol spatial de courte durée.
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B. CONCLUSIONS ET PERSPECTIVES

Les mécanismes potentiels de la dysfonction vasculaire induite par la microgravité sont
complexes. L'immersion séche reproduit fidélement les effets physiologigques principaux de
la microgravité. Notre travail montre que la microgravité simulée par immersion séche induit
des changements rapides au niveau microcirculatoire, ces changements prédominants sur
'endothélium. La dysfonction endothéliale repose probablement sur des mécanismes
apoptotiques. Les modifications de la balance hydro-sodée apparaissent tres rapidement en
immersion avec un passage a un nouvel état d’équilibre dés le deuxiéme jour. Pendant la
période de récupération, le NT-proBNP plasmatique augmente significativement. Le NT-
proBNP pourrait servir de marqueur biologique du déconditionnement cardio-vasculaire. Nos
études de la réponse cardio-vasculaire a l'orthostatisme permettent aussi de suspecter une
plus grande sollicitation du réflexe veino-artériolaire aprés 'immersion.

Le modéle animal demeure un modéle d’étude nécessaire pour explorer de nouvelles
hypothéses. Avec nos modeéles d’hypokinésie horizontale et antiorthostatique discontinues
chroniques chez le rat, nous avons proposé de nouveaux mécanismes de dysfonction
vasculaire. Les études animales suggérent une translocation accrue des endotoxines de
lintestin vers le milieu interne. Les modifications ultrastructurelles de I'endothélium des
microvaisseaux ceérébraux induites par endotoxémie expérimentale et par I'hypokinésie
antiorthostatique sont trés semblables. La translocation augmentée des endotoxines pourrait
étre I'une des raisons probables des dysfonctions endothéliales en microgravité. La
réduction du métabolisme énergétique en microgravité pourrait aussi induire des atteintes
endothéliales.

D'un point de vue fondamental, il est nécessaire d'approfondir la connaissance des
mécanismes de cette atteinte endothéliale. En particulier, il conviendrait de regarder de plus
pres le rbéle des progéniteurs endothéliaux - les cellules circulantes capables de se

différencier en cellules endothéliales et donc capables de participer a la réparation des
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atteintes endothéliales. Pour comprendre le lien entre atteintes endothéliales et intolérance
orthostatique, il serait utile d’étudier les fonctions vasculaires cérébrales en détail.
D'un point de vue pratique, la dysfonction endothéliale doit étre considérée comme une cible

thérapeutique, dans le cadre des atteintes liées a l'inactivité physique et a la microgravité.
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Résumé

La gravité est une stimulation permanente pour l'organisme sur terre. La microgravité induit des
modifications de nombreuses fonctionnalités, y compris celles du systéme cardio-vasculaire. Le but de ce
travail était d’étudier les mécanismes des modifications vasculaires induites par les modeles de
microgravité.

Nous avons conduit nos études chez 'homme a 'aide de I'immersion séche qui est considérée comme un
des modéles reproduisant au mieux la microgravité. L'immersion seéche est le seul modeéle de
microgravité prolongée a imiter I'absence d’appui. Notre travail montre que 'immersion séche induit une
atteinte au niveau microcirculatoire avec une dysfonction endothéliale (étude des microparticules
circulantes) et une atteinte de la fonction vasodilatatrice cutanée (étude par iontophorése couplée au
laser Doppler). Cette atteinte vasculaire s'intéegre dans un syndrome de déconditionnement cardio-
vasculaire plus global que nous avons également étudié. Il comprend un nouvel équilibre hydro-sodé qui
survient trés rapidement, dans les 24 premiéres heures. Pendant la période de récupération, nous avons
observé une augmentation significative du NT-proBNP qui pourrait étre un marqueur biologique du
déconditionnement cardio-vasculaire.

Nos études sur l'animal avec les modéles d’hypokinésie et d'inclinaison téte en bas discontinues
chroniques suggérent qu'une translocation augmentée d’endotoxine et une réduction du métabolisme
énergétique en microgravité pourraient participer aux atteintes endothéliales.

La dysfonction endothéliale deviendrait ainsi une cible thérapeutique pour des atteintes liées a l'inactivité
physique et a la microgravite.

Mots clés
Microgravité modelé, immersion séche, déconditionnement, systéme cardio-vasculaire,
dysfonction vasculaire, microcirculation, dysfonction endothéliale, endotoxine

Title
THE MECHANISMS OF VASCULAR DYSFUNCTION INDUCED BY SIMULATED MICROGRAVITY

Abstract

Gravitational stimulation is an inherent part of terrestrial environment. Modified gravity changes
functioning of numerous body systems, including cardiovascular system. The aim of this work was to
study the mechanisms of vascular modifications induced by modeled microgravity.

The human studies were performed using dry immersion. This model is considered as one of the most
appropriate to reproduce the effects of prolonged microgravity and especially to mimic the lack of support.
We found that dry immersion induces microcirculatory impairment with endothelial dysfunction (study of
circulating microparticles) and impaired skin vasodilation (study by iontophoresis of vasoactive
substances coupled with laser Doppler flowmetry). This vascular impairment is integrated to more general
cardiovascular deconditioning syndrome. The global deconditioning was also considered in this work,
including the rapid reset of water and sodium balance to a new steady state. During the recovery period,
we observed a significant increase of plasmatic NT-proBNP which might reflect the degree of
cardiovascular deconditioning.

Our studies with animal models of horizontal and antiorthostatic hypokinesia suggest that increased
endotoxin translocation and reduced energy metabolism in microgravity could contribute to endothelial
impairment.

Endothelial dysfunction may be regarded as one of the therapeutic targets for pathologies associated with
physical inactivity and microgravity.

Keywords
Simulated microgravity, dry immersion, deconditioning, cardiovascular system, vascular dysfunction,
microcirculation, endothelial dysfunction, endotoxin
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Physiologie et pathophysiologie humaine
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