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Abstract—The review considers the current ideas about the role of the gravitational factor in activities of the
sensorimotor and cardiovascular systems, as well as new basic problems and questions of space medicine and
physiology. The review presents data on animal embryonic development in weightlessness, evolution of the
motor and cardiovascular systems, and characteristics of their functions in conditions of normal and altered
gravity. Much attention is paid to the results of unique studies with ground-based gravitational unloading
models: head-down bed rest, dry immersion and hindlimb suspension, in which the mechanisms that regu-
late various body systems under conditions of altered gravity were studied. Terrestrial organisms have learned
to live in the gravitational field. Almost all of their body systems are gravity dependent. However, the extent
and mechanisms of this dependence remained unclear for a long time. Space flights opened up the possibility
of studying the activity of living systems in the absence of gravity. Changes in activity of sensory systems are
among the main factors that mediate the effect of weightlessness on the motor system. Under the Earth’s con-
ditions, the afferent support of motor control is polyreceptive and involves vision, the vestibular apparatus,
and support and muscular proprioception. In microgravity, activity of some channels is completely elimi-
nated (support afferentation), distorted (vestibular apparatus), or weakened (proprioception). Similar pro-
cesses occur in the cardiovascular system: loss of the gravity-dependent pressure gradient causes profound
changes in the structure and function of the heart and vessels, including both resistive and capacitive ones. It
is still an open question as to how much the various changes occurring in the cardiovascular system are asso-
ciated with the disappearance of the gravity-dependent pressure gradient. Some questions of gravitational
physiology are impossible to answer in space flights experiments. Various methods were therefore developed
to simulate the effects of gravitational unloading on the Earth. New knowledge on the mechanisms of changes
occurring in the sensorimotor system was gotten by comparing space flight data and data obtained in model
experiments. A basic problem of gravitational physiology of the cardiovascular system is the degree of corre-
spondence between changes observed in laboratory animals or under model conditions (bed rest, immersion,
and hindlimb suspension) and changes recorded in humans during real space flights. The problem is specially
discussed in the review. Many issues remain unresolved in the light of future inter-planetary missions, includ-
ing the problems of post-flight readaptation of the motor and cardiovascular systems to normal gravity con-
ditions. Another problem is preventing losses of strength, endurance, and orthostatic stability. The develop-
ment and improvement of countermeasures for preventing the negative effects of space flight is impossible
without understanding the mechanisms that underlie the observed changes.
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EVOLUTION experiments showed that

substantial functional

Charles Darwin [1], who formulated the theory of
evolution, stated that humans would never understand
the role of gravity in evolution because they are unable
to get rid of the Earth’s gravity. Space flights opened
the possibility for such investigations, and studies in
the field greatly contributed to understanding the role
that gravity played in evolution of the structure and
function of terrestrial organisms, including mammals
and humans. Flight and ground-based simulation

T Deceased.

changes occur in various body systems when the grav-
itational load is reduced. Gravity, which is inherent in
the Earth from its birth, affected evolution of all ter-
restrial organisms and is included in their vital systems
as a factor that ensures the living in the Earth’s gravi-
tational field. At the same time, biological studies in
microgravity showed that the effect of gravity on vital
activities is selective and depends on the body size
(mass) of an organism, the complexity of its structural
and functional organization, and the presence of spe-
cialized mechanosensitive receptors. At first glance,
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the effect must be insignificant in the case of aquatic
animals because their existence in an aquatic environ-
ment should minimize the effect of the gravity factor,
equalizing the forces that act on different sides of the
body. The functions of aquatic animals in microgravity
are therefore of particular interest to study in compar-
ative physiology. Embryonic development in micro-
gravity is a similarly important problem because
embryos develop in an aquatic environment.

EMBRYONIC DEVELOPMENT OF INSECTS,
CRUSTACEANS, AND LOWER VERTEBRATES
IN MICROGRAVITY

Studies with fish and amphibian embryos showed
that microgravity does not hinder the development of
lower vertebrate embryos in general [2], but its effect
becomes detectable at critical developmental stages,
such as the mid-blastula stage [3, 4]. Moreover, the
function of the vestibular system, which is one of the
main gravity-sensitive systems, is not affected in
organisms developing in microgravity conditions (the
vestibulo—ocural reflex is initially increased and then
returns to its normal level in the majority of Fundulus
heteroclitus fishes; a similar dynamics is characteristic
of intracellular and extracellular potentials in the
afferent nerve of the utriculus). At the same time spe-
cific locomotor aberrations are observed in adults.
Studies of locomotion and spatial orientation in fish
showed that characteristic changes in the form of
looping, or swimming in circles, arise in the locomo-
tion pattern in microgravity [5]. Similar changes in
locomotion pattern were observed in Xenopus laevis
tadpoles [2] and small crustaceans of the class
Ostracoda [6]. No explanation was found for the
observations. However, it is evident that the locomo-
tion pattern substantially changes in a space flight in
aquatic organisms, although they are suspended in an
aquatic environment and should seemingly not be
affected by microgravity conditions. Another interest-
ing observation was made: the capability of light-
dependent orientation is lost in Ostracoda in micro-
gravity.

Experiments with repeated exposure to space flight
conditions of the fruit fly Drosophila melanogaster
showed that successful reproduction is preserved
during multiple changes in gravitational conditions
(three generations in microgravity during a 44-day
space flight, the fourth generation on the Earth, and
the fifth generation in a 12-day space flight). At the
same time, exposure to flight conditions increased
transcription of metabolic genes and genes coding
cuticle components and decreased transcription of
genes involved in morphogenesis, cell differentiation,
and organization of the cytoskeleton. It is important to
note that the transcriptome changes increased during
repeated exposure to microgravity [7].
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AVIAN EMBRYO DEVELOPMENT
IN MICROGRAVITY

American researchers [8, 9] showed that chicken
embryos successfully develop in microgravity, but only
when brought in space at the developmental stage of
7—10 days. On the other hand, studies of the embryo
development in Japanese quail were carried out
onboard the Mir space station from 1990 to 1999 and
showed that avian embryo development is possible in
the absence of the gravity factor [4]. Live quail chicks
hatched in space flight conditions for the first time in
the above experiments, supporting the idea that the
avian embryo development is independent of the grav-
ity factor.

The full embryonic cycle was completed by 23% of
embryos in microgravity and 53% of embryos in a syn-
chronous control group. Seven embryos failed to hatch
because their heads were oriented to face the pointed
end of the egg. Microgravity did not hinder the embry-
onic development, but affected the hatching process.
The chicks that had completed the total embryonic
cycle in microgravity displayed all signs of normal
development. However, the hatched chicks were
unable to independently hold themselves in place and
the experimentators had to clasp them to the “floor.”
The chicks fixed in this manner felt better and pecked
food more intensely. The chicks, whose movements
were restricted from the very beginning, made
attempts at orienting in space relative to an immobile
object. A behavioral analysis of the newborn chicks
showed that orientation in space, which is ensured by
gravity on the Earth, is an important prerequisite to
their innate behavioral reactions. Chicks are incapable
of independent life in microgravity [4].

MAMMALIAN EMBRYONIC DEVELOPMENT
IN MICROGRAVITY

A series of experiments was carried out by Russian
and American researchers during flights of Kosmos
biological satellites and Shuttle spacecrafts. The
results showed that rodent embryos developed nor-
mally when exposed to microgravity in the last one-
fourth of pregnancy, but important disabilitues were
observed in the further development and behavior of
animals [10, 11]. In particular, the vestibular function
was impaired [12], but was then restored in the Earth’s
gravity conditions. Early embryonic development
from fertilization to the mid-blastula stage seems to be
the most vulnerable to microgravity [4].

Thus, the available data demonstrate that embry-
onic development is principally possible in space, but
sequels of embryonic exposure to microgravity arise
unfortunately during further development and need
comprehensive investigation. The male reproductive
system attracted particular interest in recent years.
Upregulated expression of the Tet2 demethylase gene
and downregulation of Hdacl histone deacetylase
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were observed in the testes and vas deferens of mice in
a real space flight onboard the International Space
Station (ISS) with a duration of 21—24 days. The
changes might be considered as the events that could
affect expression of target genes upon a return to the
Earth [13].

EVOLUTION OF THE MOTOR SYSTEM
AND GRAVITY

The first vertebrates that populated the water col-
umn lived in support-lacking conditions. As men-
tioned above, fish and other marine vertebrates are
adapted to supportless environments.

A principal reorganization occurred in the motor
system as animals moved onto the ground. To success-
fully exist in new terrestrial conditions, animals had to
have a strong bone skeleton that holds the body above
the ground, a reliable muscular system that ensures
coordinated movements and changes in position in
space, sensory systems that provide diverse informa-
tion about the environment, and complex control sys-
tems.

The motor system is the most gravity-dependent
system of the body. Following the Russian researcher
Bernshtein [14], activity that ensures targeted interac-
tions with the environment is the most general feature
of living organisms. Encountering various environ-
mental factors, a living organism fights them, over-
comes their resistance, or adapts to take advantage of
the useful environmental elements. Gravity was a fac-
tor that played a leading role in evolution of the mam-
malian motor system. The role was so important that
evolution of the motor system may be defined as evo-
lution of the fight against gravity. As a result, mam-
mals acquired a strong skeleton, a powerful muscular
system, a sensory system, and a system that controls
movements [4].

The relationship of musculoskeletal system evolu-
tion with gravity may be considered as a particular case
of relationship between an organism and its environ-
ment. The idea was repeatedly voiced by the majority
of evolutionists, starting from J.-B. Lamarck and
Ch. Darwin. Gravity is commonly thought to play the
most basic role among all abiotic environmental fac-
tors.

Evolution of the weight bearing/support function
manifests itself in the complication of the geometry of
the skeleton and the shape of muscular structures in
terrestrial animals. A role of mechanical laws in adap-
tive evolution of the musculoskeletal system is sup-
ported by direct relationship of the body size with the
specific muscle mass and bone mass in terrestrial ani-
mals and lack of these relationship in aquatic animals.
Moreover, the specific bone mass shows more than a
threefold decrease in certain mammals that returned
into an aquatic environment in the course of their evo-
lution [15].
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The form-forming role of gravity, apparently, was
realized throughout the evolutionary process. For
example, an internal bone skeleton that is structurally
and functionally combined with the muscular system
to form an integral locomotor four-pedal apparatus
appeared first in the phylogeny of amphibians. The
general body shape and symmetry type in animals
were shown to be derivatives of the mode of their spa-
tial movements, which, in turn, depend on the inten-
sity and direction of the Earth’s gravity. The develop-
ment of symmetric musculoskeletal structures does
not start until an appreciable weight is acquired by an
animal body [4].

A weight load is not the only factor that determined
evolution of the motor system in terrestrial animals.
Dynamic stimulation was another external mechani-
cal factor, arising in parallel with improving functions
of the muscular system in terrestrial animals.
S.E. Shnol [16] proposed a “kinetic perfection” prin-
ciple, assuming that the correspondence of various
movements to certain mechanical (kinetic) criteria
(velocity, maneuvering capability) determined pro-
gressive evolution of the motor system. This process
eventually led to the advent of modern movement
types realized with the help of specialized motor
fibers.

Indeed, as vertebrates further evolved on the
ground, a peripheral muscle tone mechanism (acetyl-
choline contracture) started to hinder the perfor-
mance of motor tasks, which increased in complexity
and required the body not only to be maintained on
the ground surface, but also to maneuver, to quickly
change its posture, and to stabilize its posture prior to
starting a movement [16].

With the advent of a rigid skeleton and limbs that
strongly limit the working lengths of muscles, tonic
muscles, whose tension is independent on the initial
length, changed to cross-striated muscles, which have
a phasic contraction type, a mechanism of spreading
action potential, and a high contraction velocity [14].

In studies performed mostly by Russian research-
ers, two components were isolated and descried in the
muscular part of the motor system: continuous low-
intensity tension, which arises because muscles are
involved in regulating posture in the gravitational
field, and an alternating (dynamic/phasic) compo-
nent, which ensures locomotor activity and transloca-
tions in space [4]. It is obvious that the first compo-
nent is determined by the presence of gravity and
works to counteract gravity [17].

Thus, it is possible to state that the structural and
functional integrity of the musculoskeletal system in
the process of its evolution is a result of convergence of
several factors: the gravitational force, which deter-
mined the relationship between the bone mass and
body size in terrestrial animals; physicochemical fac-
tors, which determined the modern organization of
the muscular system; and a set of static and dynamic
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loads, which determined the trend in improving the
organization of the motor system.

EVOLUTION OF THE CARDIOVASCULAR
SYSTEM AND GRAVITY

The cardiovascular system in terrestrial animals is
among systems with the strongest gravity dependence.
Active mechanisms preventing the passive downward
movement of blood under the influence of gravity
should have arisen in the process of evolution. Special
problems exist in large animals that hold their heads
high above the ground because the pressure substan-
tially varies among different body levels, depending on
the distance from the heart, and is adjusted to match
the weight of the fluid column that separates a given
region from the heart level or, more accurately, the
level of a hydrodynamically indifferent point (a hydro-
static pressure gradient). The question arises as to
what mechanisms the body utilizes to minimize the
adverse effect of the gravity factor on the cardiovascu-
lar system. To answer, consider the function of the car-
diovascular system in giraffes and large tree snakes
because the situation is especially intricate in these
terrestrial animals with the head held very high above
the ground.

Snakes include species that differ in susceptibility
to the effect of gravity. There are aquatic species on the
one hand and, on the other, large tree snakes, which
are continuously exposed to repeated effects of gravi-
tational stress. Snakes provide a unique model to study
the effect of gravity on the cardiovascular system
because their body shape predisposes to a higher grav-
ity sensitivity and their behavioral features determine a
higher or lower susceptibility to the effect of gravity.
Comparative physiological studies in aquatic and tree
snakes showed that the heart is closer to the body cen-
ter in aquatic animals, being 45% of the body length
away from the heart, while tree snakes have the heart
closer to the head, at 15% of the body length in
extreme cases. An intermediate heart position is
observed in the snake species that do not move on
trees or live in both aquatic and terrestrial habitats.

The cardiorespiratory system is sensitive to gravity
in all mammals, but this sensitivity is especially high in
snakes. The lung is elongated in snakes, and its respi-
ratory part has an extremely well developed vascular
network (a vascular segment). The vascular segment is
very short in tree snakes, starting at the heart and
extending over approximately 20% of the body length.
In aquatic snakes, the lung parenchyma enriched in
blood vessels may extend over the total length of the
body cavity. Calculations showed that the fluid filtra-
tion in lung tissues of reptiles is two orders of magni-
tude higher than in the mammalian lung [18]. It is
therefore of immense importance that the additional
hydrostatic pressure, which is proportional to the
height of the blood column in lung vessels, does not
exceed a threshold at which lung edema develops. It is
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therefore clear why the lungs are relatively short in tree
snakes. When marine snakes with their long lungs
are suspended head up outside water, severe edema
develops with ruptured capillaries in the lower lung
regions [19].

Two questions arise when a physiologist observes a
standing giraffe. First, why do its legs not get swelled?
Second, why does the giraffe not die from stroke when
lowering its head? Studies revealed several essential
features in the giraffe cardiovascular system. A. Har-
gens and others showed that leg arteries have a thick
wall and a narrow lumen, capillaries have low perme-
ability, the skin and subcutaneous fascia are thick and
tight, and the muscle pump helps to move the blood
towards the heart during locomotion. Experiments
with anesthetized giraffes were carried out by Danish
researchers and showed that, when a giraffe moves its
head down, the carotid artery remains unchanged in
dimensions, while the jugular vein increases
several folds so that up to 5 liters of blood accumulate
in neck veins. This accumulation facilitates a decrease
in blood pressure and protects head vessels from dam-
age [20].

Surprisingly, only scarce literature data describe
how the changes that arise in response to gravity
depend on the body size [21]. A. Andreev-Andrievskiy
et al. [22] used the allometric approach and showed
with the example of hematological parameters and
body fluid volumes that different parameters differ-
ently depend on the body size. Upon 3-day hindlimbs
suspension, a decrease in red blood cell count is inde-
pendent of the body size, while an increase in intracel-
lular fluid volume shows such a dependence in ani-
mals that differ in size, but are similar in body struc-
ture and physiology (mice—rats—rabbits) [22].

ROLE OF GRAVITY IN THE FUNCTIONS
OF VARIOUS BODY SYSTEMS
IN THE EARTH’S CONDITIONS

Animals spread out on land in the Carboniferous
Period of Paleozoic era, and this was an important
event in the animal kingdom. Animals came to be
exposed to gravity, which pulls the body to the ground
and hinders its movements. The animal body had to
adapt to new environmental conditions and to develop
adaptive mechanisms. As mentioned above, special
systems were formed to counteract gravity and to allow
the body to maintain its posture and to move in condi-
tions of the Earth’s gravity, including the skeletal sys-
tem, the muscular system, and the motor control sys-
tem. In addition, special sensory systems developed to
inform the body of the gravity effect, including sup-
port receptors, otoliths, and sensors that assess the
axial load.

Apart from the systems that counteract gravity,
there are gravity-dependent systems in terrestrial ani-
mals. These are the cardiovascular and respiratory sys-
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tems and, to a certain extent, all visceral organs. Data
on gravitational sensitivity were obtained even for
individual cells by now. The cytoskeleton and espe-
cially its actin filaments are sensitive to gravity in
mechanosensitive cells. At the same time, it remains
unclear how cells integrated in a whole body respond
to gravity [23].

MOTOR SYSTEM

The role of the gravity factor in the function of the
motor system was studied most comprehensively to
date. A special system of antigravity (postural) muscles
works to maintain an upright posture in the gravita-
tional field. The system includes extensors of the trunk
and limbs (legs in humans): back, neck, anterior thigh,
and posterior shin muscles, which work as extensors to
keep the respective joints extended [17]. Maintenance
of an upright posture is a continuous fight against an
abortive forward fall because the center of gravity of
the body is in front of the ankles. Continuous, well-
adjusted low-intensity activity of the postural muscles
is necessary for preventing the body from falling.
Physiological and morphological specifics of the pos-
tural muscles match well their functional tasks. The
muscles consist mostly of slow motor units, can pro-
duce a long-lasting contraction without fatigue (slow
muscles), are supplied with energy via aerobic pro-
cesses, are abundantly supplied with blood, and have a
high myoglobin content (red muscles).

To control the motor system activity, it is necessary
to have information about the environment, the posi-
tion of the body in space, etc. Sensory systems, which
allow spatial orientation in humans, are classified into
gravity dependent and gravity independent. The for-
mer include support receptors, which are found
mostly in weight-bearing plantar areas; vestibular
receptors and, primarily, the otolith system; and sen-
sors that assess the axial load. The gravity-indepen-
dent systems include audition and vision.

Support reception is the least understood among
all of the above receptor inputs. Support receptors, or
deep skin sensitivity receptors, include Meissner’s cor-
puscles in skin papillaec and Vater—Pacini bodies in
deeper connective tissue structures [24]. The latter are
found in the weight-bearing plantar areas and occur at
the highest density in the regions of the heel, the tar-
sus, and the cushion of the great toe. Spinal [25] and
cortical [26] projections are currently known for sup-
port afferents. Roll et al. [26] showed that support and
muscular afferentation zones overlap morphologically
and are coupled functionally in regulating posture and
locomotion. It is known that the axial load is assessed
by the body. Recent studies showed that molecular
sensors of muscle fibers of axial muscles and, possibly,
proprioceptors are involved in this process [27].

Sensing balance is the function of the vestibular
system. The system includes two receptor structures,
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labyrinths and the otolith apparatus. The labyrinths
are sensitive to accelerations (head rotations and sharp
movements); the otoliths, to the body position in the
gravitational field. The otolith apparatus is the most
gravity-sensitive structure in the body because afferent
information results from the pressure that calcium
concrements incorporated in the otolith membrane
(the pressure depends on their weight) put pressure on
hairs of receptor cells [28]. The vestibular system is
responsible for orientation in space, controlling the
balance, and stabilization of the image on the eye ret-
ina. The image is stabilized because the eyeballs move
in the direction opposite to that of head movement;
i.e., the vestibular system is involved in gaze fixation
on the objects that suddenly appear or move in the
field of vision [29].

CARDIOVASCULAR SYSTEM

In the Earth’s gravity conditions, the cardiovascu-
lar system provides the most illustrative example of the
effect of gravity on the body. When a human stands
still, the pressure in leg vessels is substantially higher
than in vessels of the upper part of the body because
there is a gradient of hydrostatic pressure. The blood
can consequently accumulate in capacitive vessels of
the legs to a considerable volume (up to 800 mL). This
would not take place if the vessel walls were rigid. It
should be noted that an additional hydrostatic pres-
sure is present at both arterial and venous ends of the
limb vascular system, and the blood flow observed at
rest remains almost unchanged upon a transition to an
upright posture. On the other hand, when the body
position abruptly changes from horizontal to vertical,
the venous return to the heart decreases, and the
decrease may result in dizziness due to insufficient
blood supply to head tissues. Thus, hemodynamic
parameters substantially differ between the standing
and lying positions in humans. The central venous and
right atrial pressures are decreased in a standing
human, the stroke volume is reduced accordingly, the
heart output is lower in spite of the increase in heart
rate, and the total peripheral resistance is increased. It
is of interest that, during walking, all parameters
return into the ranges similar to those observed in the
lying position. The change is due to the function of the
muscle pump; i.e., a high pressure is produced in con-
tracting muscles and helps to push the blood out of
them.

The body minimizes the adverse effect of gravity on
the cardiovascular system with the help of regulatory
systems, primarily by activation of sympathetic traffic
to the vessels. Features of vascular system adaptation
to abrupt changes in body position were described
above with the examples of the cardiovascular systems
of giraffes and tree snakes.

The above examples show convincingly that vari-
ous systems of the body are substantially affected by
gravity in humans living on the Earth. Gravity affects
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the structure and function of the motor system, the
nervous system parts that are involved in motor con-
trol, the cardiovascular system, the kidney (fluid-and
electrolyte balance), and the hormonal system. How-
ever, the interaction of the body with gravity was
almost not investigated until recently. Lack of studies
was possibly due to lack of social demand, but the sit-
uation changed as the space flight era started.

EFFECTS OF CHANGES IN GRAVITATIONAL
LOADING (SPACE FLIGHTS AND GROUND-
BASED MODELS)

The first space flights made it clear that lack of
gravity dramatically affects the human body, causing
motion sickness (an analog of sea sickness) due to a
sensory conflict, head tissue edema, muscular atony,
atrophy of skeletal and heart muscles in later periods,
postural alterations, etc. [4]. The majority of acute
changes are alleviated at later stages of a flight, and
cosmonauts adapt to life in microgravity. However,
readaptation to gravity after the return from a space
flight is a substantial problem. Readaptation is no less
painful as adaptation to microgravity and is even more
painful in the case of certain body systems. It is enough
to say that many cosmonauts find it difficult to main-
tain an upright posture and to perform locomotion
after flight [4]. Preventing adaptation to microgravity
is among the main problems of space medicine, aim-
ing to make it easier to cosmonauts to subsequently
return to the Earth’s conditions. The problem
acquired particular significance in the past years as the
possibility of interplanetary missions came to be con-
sidered.

Knowledge of how microgravity affects the body
comes from several sources. Space flights provide a
large body of information. However, it is important to
note that this information relates mostly to phenome-
nology rather than to the mechanisms of the observed
phenomena. Physicians and physiologists make every
effort to reduce the effect of microgravity on the body,
thus hindering the acquisition of necessary knowl-
edge. Therefore ground-based models of microgravity
effects on various systems of the body were conse-
quently developed from the very advent of gravita-
tional physiology in order to study the effects on the
Earth.

SIMULATION OF GRAVITATIONAL
UNLOADING CONDITIONS
FOR COMPREHENSIVE RESEARCH
ON THE EARTH

A parabolic flight reproduces the space flight con-
ditions most precisely, but for a very short period of
time. An airplane ascends and gathers speed, the
engines are then shut down, and the plane is in free fall
with weightlessness conditions being created for 20—
25 s. The procedure is repeated several times in one
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flight. Many principally important data were obtained
in parabolic flights to characterize the most acute,
immediate changes that arise in the body in micro-
gravity.

Water immersion, that is, suspension of a human in
water is among the most efficient means to simulate
the microgravity conditions. Several immersion
modes are used to simulate the microgravity condi-
tions, head-out immersion and dry immersion being
the most common. In the former case, a subject stands
in a vertical tank, which is gradually filled with water.
Substantial changes occur in the functions of various
body systems as the tank is filled. The duration of a
subject’s exposure to immersion does not exceed a few
hours. Suit immersion is used to train cosmonauts for
working outside of a spacecraft. Dry immersion was
developed at the Institute of Biomedical Problems in
the 1960s [30] (for s recent review, see [31, 32]). A sub-
ject lies in a large tank filled with thermally neutral
water, which is covered with water-/proof fabric. The
area of the piece of fabric is far greater than the water
surface area. The subject is separated from water by
fabric and is suspended in water column, rather than
lying on fabric as in a hammock. The duration of
exposure to dry immersion in studies is usually 3—7
days; the maximal duration is 56 days. This model
most closely reproduces mechanical unloading and
lack of support, which are characteristic of micrograv-
ity. The support is nearly uniformly distributed over
the body surface in immersion conditions, and the
central nervous system perceives the environment as
supportless.

Head-down bed rest (HDBR) with a tilt of —6° is
the most common method to model the effects of
microgravity [33]. The HDBR duration is usually 30—
90 days. HDBR of the longest duration, 370 days, was
carried out at the Institute of Biomedical Problems
from 1986 to 1987 [34]. While the above methods are
used most frequently to model the microgravity condi-
tions, there are other unloading methods, such unilat-
eral limb suspension [35]. Hindlimb suspension is
used in experiments with laboratory rodents. The
hindlimbs do not touch the floor, but the animal can
move using its forelimbs in the cage [36, 37]. Food and
water are provided ad libitum. The suspension dura-
tion is usually 3—30 days. Working with various mod-
els, it is important to understand which body systems
are affected. For example, the vestibular system is not
directly affected in the above models other than suit
immersion. Effects on the vestibular system are
achieved using other means, including a slow rotation
room, centrifugation, etc.

ADVANTAGES AND LIMITATIONS
OF THE MODELS WITH THE EXAMPLE
OF CHANGES IN CARDIOVASCULAR SYSTEM

New data on the mechanisms of changes arising in
the sensorimotor system were obtained by comparing
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in-flight data with data from model experiments. For
example, data on changes in the order of motor unit
recruitment upon a transition to gravitational unload-
ing conditions are of principal importance for the
gravitational physiology of the motor system. The data
were obtained in ground-based model experiments
[38] (dry immersion and HDBR) and confirmed in a
space flight [39].

However, such a success is not always the case. An
issue that needs separate consideration and is of basic
importance for the gravitational physiology of the car-
diovascular system is to what extent the changes
observed in model conditions in humans (HDBR, dry
immersion) and in laboratory animals (suspension)
match the changes observed in cosmonauts during real
space flights. The American physiologist M. Delp was
the first to raise and discuss the issue in detail with the
example of cerebral blood flow. Changes in cerebral
circulation are now intensely discussed in the litera-
ture in connection of vision impairments in astro-
nauts. Experiments with rat hindlimb suspension,
which are used to model gravitational unloading in
laboratory animals, showed many times that an
increase in vasoconstrictor effects and a hypertrophy-
type remodeling of head vessels develop as a result of
suspension [40, 41]. The effects are commonly
thought to arise because the transmural pressure
increases in head vessels of suspended animals as a
result of a body fluid redistribution [42], which is sim-
ilarly observed in cosmonauts. However, the effect is
not observed in suspended mice [43]. Moreover, a
decrease in both constrictor and dilator responses was
detected in isolated cerebral arteries of mice after a
flight in recent studies of long-duration space flights
[43, 44]. The question arises as to what factors are
responsible for these substantial differences. Does the
difference mean that data from model experiments
with laboratory animals are incomparable with in-
flight data or that mice provide an inadequate model
to simulate the changes that occur in human cerebral
arteries during a space flight?

It is clear that a cranial shift in body fluid distribu-
tion during suspension is negligible in mice because of
their small body size. In this context, mice are inferior
to rats in modeling the human body fluid shift. How-
ever, a redistribution of body fluids towards the head
and the respective changes in blood pressure are prob-
ably not the only factors that determine the changes
observed in microgravity. A role may be played as well
by other factors, such as the duration of a space flight,
background radiation, the composition of the space-
craft atmosphere, etc. Discrepant data on the cerebral
blood flow in cosmonauts were reported in the litera-
ture, but an increase in blood flow was detected in the
majority of relevant studies. A French—Russian team
[45] observed an appreciable increase in linear blood
flow velocity in the middle cerebral artery and a
decrease in cerebral vascular resistance in cosmo-
nauts. The findings agree with a decrease in vasocon-
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strictor effects that was observed in mice during a
flight. It is important to note that the same researchers
showed using the same methods that the linear blood
flow velocity decreases and the resistance increases in
HDBR conditions, as well as in suspended rats [46].
Similar data were obtained by comparing the post-
flight and HDBR data by another well-known
research team [47, 48]. The available ground-based
models of gravitational unloading in rats and mice are
efficient in modeling the changes in certain regions of
the vasculature, for example, in mesenteric vessels
[49], but are unsuitable in the case of other regions and
cerebral vessels in particular. Model experiments do
not always reproduce the changes observed in a flight,
nor do they work similarly for all vascular regions. The
limitations of studying the cerebral blood flow in
ground-based models seem to be applicable to HDBR
as well.

Does the above mean that an insignificant effect is
only exerted by a body fluid redistribution due to elim-
ination of gravity? It can hardly be so. Many factors act
simultaneously in the body, and one of them is
improper to consider in isolation from the others. As
for the cerebral blood flow, the pressure must increase
in a cosmonaut’s cerebral vessels as a result of the body
fluid redistribution. However, the question as to how
the extravascular intracranial pressure changes as a
result is still a matter of discussion [50]. If changes in
this pressure are similar to changes in intravascular
pressure, as M. Delp assumes, then the transmural
pressure remains the same. This situation is most
likely observed in the case of mouse cerebral vessels.

Thus, different research teams observed different
or even opposite changes in cerebral blood flow in real
space flights and ground-based models of gravita-
tional unloading. This means that the factors that
determine cerebral circulation in a flight are still
impossible to adequate simulate on the Earth.

In spite of the limitations characteristic of the
available models of microgravity conditions, data on
the state of vessels from model experiments are of
immense importance for understanding the mecha-
nisms whereby mechanical (share stress and stress due
to vascular wall dilation) and chemical (metabolites)
factors mediate adaptation of vessels. In other words,
data from model experiments help us to interpret the
vascular responses observed in space flights.

CHANGES IN MOTOR SYSTEM, MOTOR
CONTROL, AND ITS SENSORY SUPPORT
IN CONDITIONS OF ALTERED
GRAVITATIONAL LOADING

Studies in real or simulated hypogravity showed
that gravity is tightly incorporated in the development
of the mammalian motor system. It is important to
note that it is not possible to identify any mechanism
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whose activity would not be significantly disrupted by
the elimination of gravity.

Data from experiments performed in space flights
and ground-based models led to the development of a
concept of microgravitational motor syndrome,
including views of muscle detraining and hypogravita-
tional ataxia syndromes, and a concept that considers
the nature of motor alterations and distortions in the
functions of other body systems in microgravity and
relates the microgravity-induced changes to alter-
ations in the functions of the postural muscular system
[4, 51]. This system, which arose as the result of evolu-
tionary development during the transition of living
organisms to life on the ground, keep its exclusive
dependence on gravity. The support input plays a cru-
cial (nonreplaceable) role in regulating its activity in
mammals. When the input is reduced or eliminated,
changes in the order of motor unit recruitment arise in
extensor pools of the spinal cord (the initial recruit-
ment order from slow to fast motor neurons is changed
to the opposite one) and activity of extensor slow
motor units decreases consequently; this decrease
cannot be compensated by other sensory inputs [4,
S1].

Changes in different physiological parameters
under the influence of microgravity begin differently.
The most acute changes, which occur almost immedi-
ately with the exposure to microgravity, affect the pos-
ture maintenance/muscle tone, the vestibular system
(motion sickness), the distribution of body fluids, and
the cardiovascular system. Extensor tone is lost very
quickly, and its lost is followed by muscular atrophy
after a while. Skeletal alterations are the last to arise.
Clinical observations showed that a decrease in the
weight-bearing load on the skeleton leads to changes
in calcium metabolism, calcium is progressively
excreted from the body, and osteopenia or even osteo-
porosis develops. Similar changes arise in micrograv-
ity. A detailed description of changes in bone tissue is
available in reviews [4, 52, 53].

The distribution of changes in bone tissue density
over the body deserves particular attention. Bones of
the lower limbs are affected to the greatest extent in
microgravity, changes starting from pelvic bones and
increasing downwards. These regions account for 90%
of mineral calcium losses. In contrast, the bone den-
sity may even increase in the head region. This distri-
bution arises almost in parallel with changes in body
fluid distribution and the blood filling of various body
regions [54] and is possibly associated with volume
and ion regulation [55, 56].

Back pain is a common consequence of exposure to
microgravity, being often observed in crew members
in the first days of space missions and subjects exposed
to dry immersion or HDBR to model the microgravity
effects on the Earth [32, 57, 58]. Pain syndrome is
often thought to be due to possible changes in the
topography of output sensory roots of the spinal cord
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[58, 59]. It is possible that with prolonged exposure,
the consolidation of these changes contributes to the
development of disorders of the structure of the inter-
vertebral discs with the development of myalgia and
neuralgia. In particular, Scheuring and colleagues [59]
diagnosed herniation of nucleus pulposus of cervical
and lumbar intervertebral discs in 10% of astronauts in
the postflight period. The nature of the changes is
unclear, although a dramatic decrease in the tone of
back extensor muscles at the onset of microgravity was
identified as one of the possible causes in recent stud-
ies [60].

Load on the skeleton and body posture-maintain-
ing muscles is eliminated in microgravity, as there is
no need to maintain the upright posture. This leads to
changes in the function of the receptors that are sensi-
tive to the support reaction and respond to the axial
load, changes in the function of the vestibular system,
a decrease of motor activity, and alterations in the bio-
mechanics of movements. A half-embryonic flexed
posture is assumed by the human body because an
uprignt posture is no longer necessary to maintain.
This is associated with a substantial decrease in the
contribution that extensor muscles make to motor
activity. In fact, ground-based dry immersion experi-
ments showed repeatedly that a substantial decrease in
tone occurs in the shin extensors, soleus and gastroc-
nemius muscles as early as the first two hours of expo-
sure and reaches its maximum approximately 6 h later.
The tone of the tibialis anterior muscle remained
almost unchanged [51]. Monkeys performed the task
to hold a lever during a space flight onboard the Bion
biosatellite. The soleus muscle was involved in the task
performance on the Earth, while a gradual change
from the soleus to the gastrocnemius muscle was
observed in task performance over several days of the
flight; i.e., activity switched from a slow postural mus-
cle to a mixed locomotor muscle [39]. Perhaps it is
precisely as a result of the disappearance of “func-
tional duties” (posture mantenance) and a dramatic
decrease in the mechanical/resistive load that slow
motor units (MUSs) are turned off from work, they are
replaced by the fast M Us, i.e. the order of MU recruit-
ment is changed [38, 61]. In addition to atony, atrophy
gradually develops in muscle fibers that express a slow
isoform of myosin heavy chains and are components
of slow MUs [27, 62]. Substantial changes at the
molecular level were found to occur in m. soleus fibers
in experiments with rats. Only few of the changes are
listed below. Muscle fibers lose cytoskeletal mole-
cules, that leads to a significant decrease in the effi-
ciency of actin—myosin interactions and a decrease of
calcium sensitivity, resulting in a decrease in the max-
imal contractile response of a fiber. In addition, lack of
support decreases the efficiency of protective mecha-
nisms (nitric oxide synthase (NOS)) and activity of
AMP-activated protein kinase, which acts as a meta-
bolic sensor in the cell [63].
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A transformation of a certain portion of slow mus-
cle fibers into fast fibers is one of the most overt
changes that occur in postural muscles in real or sim-
ulated gravitational unloading. The transformation
results from the changes that arise in expression of
myosin heavy chain genes and are mediated, in partic-
ular, by inhibition of the calcineurin/NFATcl
(nuclear factor of activated T cells) signaling pathway,
epigenomic changes, and the effects of specific
microRNAs [63].

It should be noted that intense research were
recently launched to study the molecular mechanisms
of changes that arise in various body systems in
response to a dramatic decrease in gravity. Experimen-
tal data are intensely accumulating. Many interesting
findings were made. For example, Atomi [64] studied
the role of individual elements involved in maintaining
the integrity and efficient function of the cytoskeleton,
which plays an important role in maintaining the cell
shape, producing tension, etc. Intracellular and extra-
cellular stimuli act through the cytoskeleton to provide
signals to the nucleus and thereby to modulate gene
expression. A pronounced decrease in muscle mass is
specifically associated with a decrease in B-crystallin
level in suspended rats. B-crystallin acts as a chaper-
one for tubulin and thus prevents calcium-induced
disassembly of microtubules. On the other hand,
physical exercise promotes constitutive B-crystallin
expression, which helps to maintain dynamic homeo-
stasis of microtubules as an element of the cytoskele-
ton. Following Atomi, the relationship between the
chaperone expression level and the regulation of cyto-
skeletal dynamics in slow postural muscles is an
important element in evolution of the motor system.

It is of interest to note that, in contrast to micro-
gravity, artificial hypergravity produces the postural
muscle effects that substantially vary depending on the
animal body size/weight, the respective support load,
and the muscle composition specifics. For examples,
studies in rats and primates (rhesus monkeys) did not
detect changes in muscle fiber size in slow and fast
shin extensors (the soleus and medial gastrocnemius
muscles) after 2-week exposure to 2G [65, 66]. On the
other hand, 4-week exposure of mice to 3G hyper-
gravity increased the shin muscle sizes and the cross-
sectional area of m. soleus fibers [67]. It should be
noted that the changes observed in mice did not
develop when the vestibular system was damaged,
indicating that the processes are directly associated
with vestibular influences. However, more recent
studies by Russian researchers showed that centrifuga-
tion at 2G for 3 weeks did not produce any significant
change in protein synthesis rate and the level of phos-
phorylation/activation of key anabolic markers (AKT,
p70s6k, 4E-BP1, GSK-38, and eEF2) in the mouse
soleus muscle [68]. The differences are certainly pos-
sible to attribute to the differences in duration and
intensity of hypergravitational exposure and in muscle
composition (m. soleus is a mixed muscle in mice).
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Still the effect of body size on how the gravitational
factor affects the body is an interesting and important
problem of comparative physiology.

Changes in the function of sensory systems occupy
an important place among the factors that mediate the
effect of microgravity on the motor system. Afferent
support of the motor control systems is broad and
diverse on the Earth, including vision, the vestibular
system, and support and motor afferent inputs. In
microgravity the activity of some channels is com-
pletely eliminated, others are distorted, and others are
significantly weakened. Support afferentation is fully
eliminated (no weight, no afferent input), profound
distortions arise in the function of the otolith appara-
tus and lead to serious disorders in the function of ves-
tibular system in the whole, proprioceptive afferent
input is weakened because the weight-bearing load is
absent, and atony develops as a result. Vision is the
only sensory system that displays no apparent change.
However, the function of the system of vision is also
distorted as far as oculomotor reactions are concerned
because the system closely interacts with the vestibular
system. On the Earth, the eyeballs rotate in the direc-
tion opposite to that of head rotation to stabilize the
image on the eye retina. The precision and speed of
gaze fixation on a visual object are ensured by the
mechanism of the vestibular—ocular reflex. Its func-
tion is distorted in microgravity: the head rotation
velocity decreases and eye counterrotation fails either
to occur or to match the head rotation pattern [69].
The tracking function of the eyes is also impaired, and
a smooth tracking of a target replaces with saccadic
eyeb movements [4].

Results from cytochemical and morphometric
studies performed in rats in a 14-day space flight indi-
cated that a space flight decreases the regulatory influ-
ences from Purkinje cells of the superior central lobule
of the cerebellum on giant neurons of the dorsocaudal
region of Deiters’s nucleus. The results additionally
supported the hypothesis that a space flight-induced
decrease in the inhibitory influence of nodular Pur-
kinje cells on the medial vestibular nucleus is a cause
of the changes that are observed in integration of ves-
tibular and visual signals (velocity storage) in mam-
mals during and after a flight [70].

The above changes in the functions of sensory sys-
tems can be reproduced in ground-based model exper-
iments. Studies of the effects of head-out immersion
on the vestibular—ocular and tonic neck reflexes in
Macaca mulatta monkeys were carried out at the Insti-
tute of Biomedical Problems and showed that the
effects depend on the level to which the animal body is
immersed in water. Unfavorable changes in gaze fixa-
tion characteristics were observed 5 h after the start of
immersion to the sternal level and were similar to the
changes detected in a space flight: the eye saccade
amplitude and the vestibular—ocular reflex coefficient
increased, while the maximal head rotation speed
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decreased. When monkeys were immersed to the neck
level, changes observed after 5-h exposure were greater
and were accompanied by changes in the organization
of head movements during gaze fixation. The findings
make it possible to assume that support unloading is
possibly a space flight factor that decreases the speed
and accuracy of gaze fixation. Water immersion of
monkeys provides an adequate model to study the
mechanisms whereby microgravity affects the coordi-
nation of eye and head movements during gaze fixa-
tion [71]. The above changes may eventually affect the
precision of movements.

The role that vestibular influences play in con-
trolling activity of postural muscles was additionally
investigated by studying the effects of galvanic vestib-
ular stimulation (GVS) in humans [72]. A distinct
dichotomy was revealed between the effects of vestib-
ulospinal inputs to motor neurons of axial muscles
(the muscles that straighten the vertebral column) and
those of leg muscles. Studies provided important
information on the integration of vestibular inputs to
the sensorimotor system and confirmed that different
mechanisms control the axial and leg muscles. EMG
responses of the lower limbs to vestibular stimulation
are associated to a greater extent with the support fac-
tor rather than with the body position. Responses of
the axial muscles to vestibular stimulation are direct,
well reproducible, and independent on the sensory
context according to the experimental findings. The
dichotomy observed between the responses of the axial
and shin muscles can be interpreted by assuming that
individual motor patterns exist for performing differ-
ent tasks in particular sensory support conditions.

In spite of the numerous changes in the functions
of body systems, cosmonauts efficiently perform many
working operations and physical exercises during a
flight. This would be impossible without a profound
functional reorganization of the motor control system
and the regulation of the cardiovascular system.

Effects of space flights on the brain were detected
in fact in recent studies with modern neurovisualiza-
tion methods [73, 74]. Ten crew members who partic-
ipated in long-duration missions with a mean duration
of 189 days were examined by magnetic resonance
imaging (MRI) of the brain to measure the gray matter
and spinal fluid volumes before flight and 7—9 and
180—209 days after landing [74]. Similar studies were
performed in parallel in 12 volunteers who did not par-
ticipate in space missions. The gray matter volume was
significantly reduced in the cosmonauts after the
flight. The greatest decrease (up to 3.3%) was
observed in the orbito-frontal and temporal areas of
the cerebral cortex shortly after landing and was grad-
ually alleviated (to 1.2% relative to the preflight level)
within 6 months after the flight. The fluid volume in
the brain, including the ventricles, was increased, and
maximal changes (up to 12.9%) were observed in the
third cerebral ventricle. The volumes of the cerebral
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ventricles returned to the baseline values 6 months
after the flight, but the fluid volume in the subarach-
noid space remained elevated even relative to the val-
ues observed in the first days after landing. No signif-
icant change in morphometric parameters was
observed in the control group at the same time points.
The results make it possible to conclude that reversible
functional rearrangements arise in the human brain
during long-term exposure to microgravity and are
compensated in terms of cell composition within 6
months after landing. Changes in intracranial fluid
volume persist for longer periods and seem to require
additional rehabilitation. In addition, studies with
functional MRI confirmed the intense reorganization
of functional connections between different areas of
the brain in 11 cosmonauts examined after landing.
Disseminated focal activation was detected, and
weaker connections were observed between the cere-
bral cortex and vestibular nuclei and between the cer-
ebellum and several other areas involved in motor con-
trol [75]. It is of interest that similar, to an extent,
changes in the function of neuronal networks were
detected in mollusks. The snail Helix lucorum per-
ceives activation of the statocyst (an organ of balance)
as a signal of danger (a fall from the forage plant or an
attack of a bird) and responds by a general motor acti-
vation reaction. The plasticity of vestibular sensory
neurons of the statocyst was recently studied after 30-
day exposure to microgravity onboard the Bion-M1
biological space apparatus [76]. The results suggest
individual sensitivity adjustments for each hair cell
rather than a directionality common for the whole sta-
tocist, in contrast to earlier assumptions. This fine
sensitivity adjustment is weakened to a substantial
extent in post-flight animals, suggesting a plastic,
rather than strictly determined, system of connections
for neuronal micronetwork of the statocyst. The effect
of individual adjustment of sensory neurons of the sta-
tocyst may play an important biological role in the
snail, which has an asymmetric massive shell and is
prone to rest on vertical surfaces above the ground
level.

Rearrangements of connections between various
structures of the brain were analyzed in cosmonauts
after flights and were found to tend to the centers that
ensure orientation in space and directionality of
movements [75]. The findings confirmed the hypoth-
esis of vestibular neglect developing in space flight
conditions. The hypothesis has been developed by
Prof. 1.B. Kozlovskaya’s school for several years. On
the other hand, stronger connections were observed
after flights between the insular cortex of the two
hemispheres and between the insula and other brain
regions. The insular lobes are responsible for integrat-
ing sensory signals of different modalities and play a
key role in the recovery of the motor control system
during rehabilitation after stroke or craniocerebral
injury. Thus, rearrangements were observed in con-
nections between various cortical areas and other
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brain regions involved in processing, integrating, and
analyzing sensory information and generating motor
commands. The range of adaptive changes in brain
blood flow is narrowed to accompany the above
changes.

In-flight experiments with cell cultures and labora-
tory animals showed that the wave propagation speed
in excitable media of neural tissue is affected by grav-
ity. Certain regions of the active zone of hippocampal
neurons are significantly reduced, while dendrite
branching and the spine number significantly
increase, substantial depolarization (3 mV) is observed
for the resting potential of human neuronal cells, and
the speed of action potential propagation decreases at
the axonal level. All of these changes arise very quickly
and are fully reversible after a return into the Earth’s
gravity conditions [77].

Intense studies are carried out to understand the
molecular mechanisms of the changes that arise in
brain structures in microgravity. In 2013, a 30-day
mission of the Bion-M1 biosatellite was flown with
C57BL/6N mice onboard. Molecular changes in brain
areas were compared with functional changes in motor
system in a series of works reported by Novosibirsk
researchers. A long-duration flight exerted a slight
inhibitory effect on the genetic control of the sero-
toninergic system of the brain in mice [78]. In partic-
ular, a decrease in expression was observed for the
gene coding for the hypothalamic 5-HT2A receptor
and was interpreted as a reaction that decreases the
efficiency of the stress response.

Signs of higher apoptosis in the hippocampus were
observed in the mice after the flight. In particular, the
signs included upregulation of the gene for the BAX
pro-apoptotic protein and simultaneous compensa-
tory upregulation of the gene for the Bcl-XL anti-
apoptotic protein [79].

Changes in gene expression were observed after the
flight in the nigrostriatal system, which plays an
important role in regulating the muscle tone and
maintaining posture and balance. The changes were
possibly associated with a decrease in afferent input
[78]. For example, expression of the main dopamine
synthesis enzyme TH substantially decreased in the
substantia nigra, and expression of the dopamine
catabolism enzyme COMT decreased in the striatum.
A decrease in expression of the dopamine receptor D1
was additionally detected in the striatum and hypo-
thalamus. The studies by this team provide an example
of how changes detected in the function of the motor
system at the functional and morphological levels
gradually receive a molecular explanation.

The reaction of brain circulation to a cranial shift in
liquid distribution and subsequent in-flight hypovole-
mia is intensely discussed in the literature. As men-
tioned above, a redistribution of body fluids increases
the intravascular pressure. However, it is unclear how
the intracranial pressure changes in this case [50]. If
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the intracranial pressure increases to the same extent
as the intravascular pressure does, then the transmural
pressure will remain unchanged. An increase in intra-
cranial fluid volume and a higher resistance to venous
outflow were observed in both earlier impedance stud-
ies and recent studies with high-tech methods [74, 80].
The latter change agrees with an increased jugular vein
diameter, which is a usual finding. Data on in-flight
brain circulation are discrepant, but there is convinc-
ing evidence that perfusion of brain tissue is increased.
A higher blood flow velocity in the carotid artery and
a lower vascular resistance were detected in a rhesus
monkey during a short-duration flight onboard the
Kosmos-1514 biosatellite [81]. Arbeille et al. [45]
found that two-component dynamics of changes in
blood flow velocity in the middle cerebral artery is
observed in cosmonauts during a long-duration space
flight. The blood flow velocity was increased and the
vascular resistance decreased in the first week of the
flight, and then the blood flow velocity grew lower and
fluctuated around the initial level [45]. Iwasaki et al.
[47] reported similar findings from a short-duration
flight. Indirect evidence to increased perfusion of
head tissues is provided by the above increase in the
mineral density of cranial bones, which are not
exposed to higher mechanical loading in flight, but
increase in density and volume [52, 56].

On the other hand, a decrease in cerebral blood
supply in astronauts was observed in other studies [82,
83]. Decreases in both constrictor and dilator
responses were observed in experiments with isolated
cerebral arteries of mice after a flight, i.e., exposure to
space flight conditions reduced the range of adaptive
changes in cerebral circulation in mice, and this might
cause disorders in brain functions [43, 44]. Caution is
certainly necessary to exercise when using data from
experiments with animals to discuss the problems
related to humans. Still the regulation of the cerebral
vascular tone is a pressing problem. American astro-
nauts complained of impaired visual acuity in flight in
the recent years. Static visual acuity is not impaired in
all appearances, while remote vision and dynamic
visual acuity (that is, visual acuity of a moving person)
are affected [84, 85]. A possible mechanism of the
effect was associated with a higher intracranial pres-
sure [86]. Russian researchers [87] think that the
vision problems are at least partly attributable to exces-
sive physical exercise, which American astronauts do
to prevent the adverse changes in muscular and bone
tissues (see below).

CHANGES IN CARDIOVASCULAR SYSTEM
AND ITS REGULATION. WHAT ROLE DOES
LACK OF A GRAVITY-DEPENDENT
PRESSURE GRADIENT PLAY?

Acute changes that arise in human cardiovascular
system in real microgravity conditions were described
as fluids shift towards the head, which arises because a
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hydrostatic pressure gradient no longer exists, while
the mechanisms that prevent a fluid accumulation in
the lower limbs are still working [88]. Outer signs of
these changes include facial puffiness, a feeling of
nasal stiffness, and a visible decrease in leg volume.
Simultaneously with a blood shift, Starling forces in
capillaries change towards higher absorption of the
interstitial fluid into the intravascular space [89]. The
two effects increase the heart preload and filling, as
well as the circulating plasma volume. The changes
must increase the stroke volume according to Star-
ling’s law. The atria are extended and the stroke vol-
ume and cardiac output increased, in fact, during par-
abolic and space flights according to electrocardiogra-
phy and rebreathing data [90, 91]. Recent studies
onboard the ISS showed that a higher cardiac output
can persist during a long-duration flight [92]. A redis-
tribution of fluids and the blood similarly occur in
model experiments, an increase in cardiac output
during head-out immersion being greater than during
HDBR [93]. A comparison of data from 3-day dry
immersion and 21-day HDBR did not detect any dif-
ference in systemic hemodynamic parameters; i.e.,
the changes develop faster in the case of dry immer-
sion [94].

A cosmonaut’s body responds to central volume
expansion by reducing the circulating blood volume,
which decreases as early as the first days of a flight and
is gradually stabilized at a level 10—15% lower than the
initial level, that is, between the values characteristic
of the body in a vertical and a horizontal position [95].
Similar changes are observed in HDBR [96]. Causes
of fluid losses in HDBR were identified in ground-
based model experiments and were associated with the
hormonal regulation. The changes in plasma/blood
volume that occur in a space flight are the same as in
model experiments, but are determined by other, still
unidentified mechanisms [92].

A 30% decrease in intercellular fluid volume was
detected in rhesus monkeys in a 7-day flight onboard
the Kosmos biosatellite [97]. Smaller animals with
lower changes in hydrostatic pressure (rats) displayed
far lower changes in circulating blood and intercellular
fluid volumes [98]. In mice with their negligibly low
gradient of hydrostatic pressure, the circulating blood
volume remains unchanged and the extracellular fluid
volume increases slightly [22]. The changes are prob-
ably due to an increase in capillary filtration, at least in
the front part of the trunk.

A distinct distribution pattern is commonly
assumed in the literature for changes in the morpho-
logical and physiological properties of vessels; i.e., the
vascular wall increases in thickness and contractile
responses increase in strength in the cranial direction.
The changes are associated with a hydrostatic pressure
gradient, which results from the redistribution of body
fluids [40]. At the same time, there are ample data the
substantial region-specific changes arise in the reac-
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tivity of vessels to constrictor and dilator stimuli [41,
99]. The mesenteric region , which is at the level of the
hydrodynamically indifferent point, is of interest in
that there are no pressure fluctuations due to a cranial
shift of body fluids in the region. Still a decrease in the
adrenergic constrictor reactions of both mesenteric
arteries and veins was observed [100]. A decrease in
the reactivity of vascular smooth muscles to adrenergic
stimuli is therefore not related to hydrodynamic
mechanical changes in this case, but is determined by
other factors. The atrial and brain natriuretic peptides
were assumed to act as such factors, the peptides affect
the ryanodine receptors (by downregulating mRNA
expression) and thus reduce the release of intracellular
calcium.

Central hemodynamic parameters do not signifi-
cantly change in flight, and recordings depend on the
external factors (spacecraft dimensions, which limit
motor activity, and the state of the environment), the
intensity of motor activity, and the methods
used to record the data and to compare them with pre-
flight data (lying vs. sitting position, measurements at
certain time points vs. 24-h monitoring). Studies with
24-h monitoring more often detect a decrease in heart
rate as compared with an active ground-based control
[101]. A somewhat lower blood pressure is also
detected in this case [92].

As discussed above, the volume load of the heart
decreases in humans in both real and simulated micro-
gravity, and the decrease must lead to atrophic
changes. In fact, MRI studies showed that the masses
of the two ventricles, the ventricle wall thicknesses,
and the end-diastolic volume decrease progressively in
both model experiment with 12-week HDBR and a
10-day space flight (the left ventricular mass tended to
decrease) [102]. It is important that the ratio between
the end-diastolic volume and stroke volume remained
unchanged even after a 3-month flight [103]; i.e.,
the contractile function of the heart was seemingly
not affected. The Soviet physician-cosmonaut
O.Yu. Atkov obtained the most convincing evidence
for intact heart contractility in prolonged exposure to
microgravity in a 9-month space flight. He showed
that the ejection fraction measured at rest or during
ergometer cycling does not decrease but even grows
higher in spite of the in-flight decreases in end-dia-
stolic volume and stroke volume. Similar findings
were made in one-year HDBR [34, 104].

The question arises as to how the regulation of the
cardiovascular system changes in microgravity. Data
on baroreflex sensitivity, which is inferred from the
baroreflex amplitude characteristics, are discrepant,
which may be related to the methods used for its
assessment. Spontaneous baroreflex measurements by
the method of sequences or a heart rate variability
analysis did not detect any changes in baroreflex-
mediated regulation of the cardiac rhythm during
long-duration space flights [105, 106]. When a neck
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chamber was used to change the blood pressure in the
carotid sinus region, a decrease in carotid baroreflex
sensitivity was detected in both HDBR and in-flight
studies [107]. On the other hand, an analysis of baro-
reflex activity by phase relationship between oscilla-
tions in blood pressure and in heart rate showed that
the coupling of these oscillations decreases dramati-
cally during 21-day dry immersion [108]. It should be
noted that changes in reflex develop later, but persist
longer than changes in blood volume.

Several research teams used microneurography
and obtained direct data on the sympathetic regulation
of muscular vessels in real and simulated microgravity
conditions [109—111]. The prominent Japanese
researcher T. Mano and colleagues [ 112] presented the
most comprehensive picture of how muscle sympa-
thetic nerve activity (MSNA) changes in response to
gravitational unloading. Studies by his colleagues
showed that MSNA inhibition accompanies short-
term exposure to gravitational unloading, be it head-
out immersion or a parabolic flight [113, 114]. Longer
exposure to gravitational unloading (from 3-day dry
immersion to 120-day HDBR) increases the basal
MSNA level [109, 111]. The character of changes in
MSNA was associated with changes in hemodynamics
system. In the case of short-term gravitational unload-
ing, central volumes of the circulatory system are over-
filled and the body responds by dilation of peripheral
vessels. In contrast, the circulating blood volume
decreases during long-term gravitational unloading,
and the decrease is accompanied by vasoconstriction.

Thus, considerable changes arise in the function
and regulation of the cardiovascular system in micro-
gravity conditions. The changes are adaptive and allow
the body to live actively with minimal limitations in
the new conditions. However, readaptation to the
Earth’s conditions proceeds with great difficulties
after landing. The earliest flights showed already that
cosmonauts can hardly maintain upright posture for
an appreciable period of time after landing and may
faint. The phenomenon is related to changes in motor
control system (see above) and is determined by the
severe problems arising in the cardiovascular system
and its regulation. The term “deconditioning” is used
now for the problems arising in the cardiovascular sys-
tem after landing and include orthostatic intolerance,
greater reactions of the heart rate and blood pressure
to physical loading, etc.

Intense studies of the causes of post-flight ortho-
static intolerance and a development of measures to
alleviate the adverse sequels of living in microgravity
started with the advent of the era of manned space
flights. It should be emphasized that many issues are
understood in post-flight orthostatic intolerance after
50 years of research, but there is still no means to over-
come it.

Several causes of post-flight orthostatic intoler-
ance are obvious. Indeed, the body becomes disaccus-

tomed to periodic blood shifts to the lower limbs due
to transitions to upright posture, the circulating
plasma volume decreases to a considerable extent, and
changes arise in the regulatory system. Venous com-
pliance increases in gravitational unloading conditions
because properties of the vein wall change [115] and
the “muscular corset” weakens as a result of tone loss
and subsequent atrophy of the muscular bed [116].
Regulatory changes that arise in gravitational unload-
ing also seem to substantially affect post-flight ortho-
static intolerance. Experiments with 120-day HDBR
performed in the Institute of Biomedical Problems in
1997 showed that an increase in MSNA in response to
a transition to upright posture becomes higher than
the pre-HDBR level as early as 60 days of hypokinesia
and further increases by day 120. An adverse reaction
of blood pressure to a transition to upright posture
develops in parallel: the blood pressure decreases pro-
gressively as HDBR continues [110]. Thus, long-term
HDBR dramatically changes the response to a transi-
tion to upright posture: the blood pressure drops while
sympathetic influences on peripheral vessels increase.
A decreasing sensitivity of blood vessels to sympathetic
influences may be responsible for the observed effect.

There is no data to directly confirm the above
assumption. Indirect evidence is provided by the
observation that the constrictor reaction of blood ves-
sels to a negative pressure (—45 mm Hg) applied to the
lower part of the body gradually decreases during a 6-
month flight [117]. Experiments with suspended rats
yielded ample data to demonstrate that region-spe-
cific changes arise in vascular responses to constrictor
and dilator stimuli in modeled gravitational unloading
[40, 99]. To summarize, a set of factors acts to cause
post-flight orthostatic intolerance, and changes in
regulatory systems occupy an important place in the
set. That is, the baroreflex sensitivity decreases, sym-
pathetic influences on muscular vessels during stand-
ing increase, and the response of vessels to sympa-
thetic influences seem to weaken. The changes are
possible to characterize as a dramatic distortion of the
response to a disturbing factor.

PREVENTION OF ADVERSE CHANGES
CAUSED BY EXPOSURE TO MICROGRAVITY
CONDITIONS

Systematic studies of countermeasures to prevent
the adverse effects of microgravity on the human body
started in the 1970s. Note that a large part of data on
the consequences of human body exposure to space
flight factors had already been accumulated by that
time. Newly forming views suggested that a loss of the
support load triggers unfavorable changes in the motor
system. Based on available knowledge, running on a
treadmill with a special loading bungee system was
proposed as a main preventive measure at that time.
Locomotor training is still a core element of the Rus-
sian countermeasure system [118]. It is important to
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note that interval running was included as a main
component of locomotor exercise as early as the 1970s.
Interval running is now thought to provide the most
advanced method of aerobic training and is success-
fully used in sports and restorative cardiology [119]. A
locomotor training regimen was developed in model
experiments [34, 118]. The regimen is a 4-day cycle
wherein exercises of each day are aimed at preserving
orthostatic tolerance and a particular physical prop-
erty, such as force-velocity properties and endurance
[4]. Resistive exercise with loading devices are used to
maintain the muscle properties. The so-called passive
countermeasures occupy a special place in the
countermeasure system used onboard orbital stations.
The passive means are not time consuming and are
often compatible with everyday activities of cosmo-
nauts. The Chibis suit is one of the means. The suite
applies a negative pressure to the lower part of the
body and helps to prevent a dramatic decrease in
orthostatic tolerance during preparation to returning
on the Earth. The Penguin loading suite for perma-
nent wearing creates the axial load on muscles and the
skeleton. Low- and high-frequency electromyostimu-
lators ensure training for leg, back, and neck muscles.
A compensator of support unloading provides
mechanical stimulation of the soles support zones in a
locomotion mode. There are additionally pressing
cuffs, water-salt supplements, etc. [4, 118].

Many issues are still unsolved in the light of future
interplanetary missions. Problems of post-flight read-
aptation of the motor and cardiovascular systems to
the gravity conditions occupy an important place
among them. The problems include measures to fight
losses in strength and endurance and orthostatic intol-
erance, which arise after landing. The dynamics of
readaptation of the motor system in the acute period
immediately following the landing is now a focus of
research, while little attention was paid to the problem
earlier. Intense studies are carried out to improve the
efficiency of countermeasures by combining different
means, such as physical exercise with a negative pres-
sure applied to the lower part of the body [120], use of
centrifuges to create artificial gravity [121], etc. The
countermeasure means and methods used in space
flights were described in detail in special reviews [4,
118].

Many measures designed to prevent the negative
effects of space flight factors on the human body
found application in medicine and rehabilitation on
the Earth. Special publications focused on the use of
modified “space” appliances, such as the Adel and
Regent axial loading suites, the Korvit support
unloading  compensator, electromyostimulation
approaches, and the dry immersion model [32, 122—
124]. It should be noted in conclusion that under-
standing the mechanisms of the observed phenomena
is essential for developing and improving the system to
prevent the negative effects of a space flight on the
human body. There is good reason to think that Rus-
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sian researchers substantially contributed to the devel-
opment of gravitational physiology in general and the
understanding of these mechanisms in particular.

CONCLUSIONS

(1) The development of the animal kingdom on
ground is a sequence of changes that arose during evo-
lution to ensure maximal fitness to living in the gravi-
tational field. Using the development of various sys-
tems in various animals, it is possible to trace how the
gravity factor, physical and chemical characteristics
that determine the organization of a given organism,
and its size and behavior converged to shape the adap-
tive structural and functional features of the motor and
cardiovascular systems and their control.

(2) Gravitational physiology as a particular
research field is still in its infancy, but its achievements
are commonly recognized, primarily in the field of
motor control. The achievements include the follow-
ing. The postural and phasic components were iso-
lated in the muscular system, the muscle tone concept
was developed, and support afferentation was demon-
strated to play a role in controlling locomotion. A clear
overview was obtained for the changes that arise in the
human cardiovascular system and are associated with
the gravity factor, starting from changes in hydrostatic
pressure gradient. Substantial alterations in the regula-
tion of hemodynamics and vascular tone were
observed in microgravity.

(3) Recent studies with the use of high-tech meth-
ods revealed microgravity-dependent rearrangements
of connections between various cortical areas and
other brain structures involved in analyzing and inte-
grating sensory information and generating motor
commands. The rearrangements seem to occur while
the range of adaptive changes in cerebral circulation is
narrowed. A refined topology was obtained for the
effects of the support and vestibular factors on the
axial postural muscles and postural muscles of the
limbs.

(4) Important factors were identified to trigger the
changes in the motor and cardiovascular systems of
the human body in response to changes in gravity.
Comparative physiological studies in other objects,
such as animals that are similar in body structure, but
differ in body size, reveal the interesting features that
were earlier masked by potent factors, such as support
reactions, the hydrostatic pressure gradient, and oth-
ers. The vestibular system was shown to play a substan-
tial role in increasing the extensor muscle sizes in
hypergravity, and body size-dependent changes were
observed for hematological parameters and body fluid
volumes.

(5) Recent studies provided for a better under-
standing of the intricate mosaic of changes that arise
in the body upon exposure to a changed gravity factor.
Interesting avenues of research in the nearest future
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are to separate the region of influence of support reac-
tions and that of vestibular influences and to identify
the factors that act together with the pressure gradient
to trigger adaptive changes in the cardiovascular sys-
tem on exposure to changes in gravity.
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