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During a spaceflight, a number of factors specific thereto 
cause structural and functional rearrangements in the brain, 
same as in other organs and tissues of the body [1]. Presently, 
such attributes of a space mission as microgravity, prolonged 
isolation, radiation, disruption of sleep patterns and circadian 
rhythms are known to affect human psychophysiology by 
disturbing operation of various parts of the brain [2–4]. In 
microgravity, gravitational pull of the nearest space object 
is extremely small, and physical items seem weightless; the 
associated stable background acceleration is of the order of 
1 × 10–6 g. To date, there has been accumulated a large amount 
of information yielded by the studies designed to investigate the 

effect of microgravity on physiology of the brain. The respective 
papers describe both structural and functional changes 
occurring in the brain under the influence of this spaceflight 
factor: disorders of the vestibular function, neuroplastic 
adaptation, redistribution of fluid in the body (shifts to the upper 
part of the body, subsequently elevates intracranial pressure 
(ICP) and triggers many concomitant effects). Changes in 
the functioning of the brain that result from adaptation to 
the conditions of spaceflight can become a problem during 
deep space missions, therefore, studying the effect of 
microgravity as a phenomenon integral to spaceflights, is an 
important task.

К. В. Латарцев1,2      , П. Н. Демина1, В. А. Яшина1,2, Р. Р. Каспранский1

СТРУКТУРНЫЕ И ФУНКЦИОНАЛЬНЫЕ ИЗМЕНЕНИЯ В ГОЛОВНОМ МОЗГЕ КОСМОНАВТОВ 
ПОД ВЛИЯНИЕМ МИКРОГРАВИТАЦИИ

Во время космического полета космонавты вынуждены приспосабливаться к новым специфическим условиям окружающей среды. Это приводит 

к накоплению изменений в организме, которые в конечном счете могут вызывать нежелательные последствия, способные оказывать негативное 

влияние на успех проводимой миссии. В обзоре рассмотрены публикации, посвященные функциональным и структурным изменениям головного 

мозга, происходящим во время космического полета. Основным фактором, вызывающим описываемые изменения, считается микрогравитация, 

приводящая к перераспределению жидкости в организме, а также обуславливающая адаптационные нейронные перестройки на микроструктурном 

уровне. Помимо этого, затрагиваются и другие факторы космического полета, способные оказывать влияние на головной мозг. Рассмотрены также 

публикации, на основе которых можно выдвигать предположения о конкретных причинах наблюдаемых морфофункциональных перестроек в головном 

мозге космонавтов.
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STRUCTURAL AND FUNCTIONAL CHANGES IN THE BRAIN OF COSMONAUTS UNDER 
THE INFLUENCE OF MICROGRAVITY

During a space flight, cosmonauts have to adapt to new unique environmental conditions. As a result, they accumulate changes to their bodily systems that can 

eventually cause undesirable consequences potentially detrimental to the success of the mission. The review examines research papers investigating functional 

and structural changes occurring in the brain in the context of a spaceflight. Microgravity is believed to be the main factor behind the said changes: it causes 

redistribution of fluid in the body and conditions adaptive neural rearrangements at the microstructural level. Other elements peculiar to a spaceflight that can have 

this or that effect on the brain are also considered. In addition, this review scopes publications that allow assumptions about the specific causes of the registered 

morphofunctional alterations in the brain of cosmonauts.
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The effect of microgravity on the volumetric 
characteristics of brain structures

Redistribution of fluid in the body is one of the main problems 
associated with a spaceflight. Earth gravity gradients hydrostatic 
pressure in a human being: its value gradually increases from the 
head to the lower extremities. In microgravity, there is no force 
to effect this gradient, and weaker forces (surface tension, etc.) 
gain control over the behavior of fluid in the body, eventually 
redistributing it. Apparently, the upper body's vascular network, 
spinal membranes, interstitial tissues, and possibly the 
lymphatic system receive and store most of the redistributed 
fluid [5]. This entails various changes, including those in the 
central nervous system, like the previously registered narrowing 
of the cerebrospinal spaces around central and calcarine sulci 
and upward displacement of the brain inside the skull [6]. At the 
same time, post-flight examinations and observations revealed 
expansion of the cerebrospinal fluid spaces along ventral 
surface of brain and ventricles, gray matter contraction in the 
orbitofrontal and temporal cortices with the total volume of gray 
and white matter remaining unchanged [7, 8], and growth of 
the volume of free water in the frontal, temporal and occipital 
lobes [9]. Moreover, it was found that long-term spaceflight 
(LTSF) boosts the dynamics of cerebrospinal fluid (CSF) in 
cerebral aqueduct, causes its volume to grow and brain to 
expand. Previous research revealed LTSF to be associated with 
a progressive increase in mean and pulse ICP, conditioned by 
the mentioned greater volumes of the CSF and brain matter, 
and reported white matter expansion and pituitary deformity 
in 6 out of 11 crew members after a long-term space mission 
[10]. One study sought to assess volume and morphology of 
periventricular white matter (PWM), and found that it increased 
in first-time cosmonauts, whereas no such phenomenon was 
registered in their experienced counterparts [11]. Other studies, 
which established a link between spaceflight duration and 
the degree of enlargement of cerebral cavities, confirm these 
findings [12].

However, fluid redistribution is not the only reason for 
changes in the volumetric characteristics of the brain. There 
are also microstructural changes, which will be discussed in 
the following sections.

The effect of microgravity on the sensorimotor system 

Prolonged stay in microgravity impairs human cognitive 
abilities, causes asthenia, and disrupts spatial orientation. 
In addition, as shown by post-flight and simulation studies, 
LTSF adversely affects performance and learning ability, 
both dependent on the higher mental functions [13, 14]. It is 
clear that an abrupt change in gravitation can have negative 
consequences for a human being's sensorimotor control, 
since it developed in the conditions of Earth. Researchers have 
set up experiments to investigate the effect of hypergravity 
(simulated) and microgravity (simulated and real), and learned 
that both have a negative impact on the accuracy and speed 
of hand movements, with more noticeable changes registered 
for upward arm movements than for downward movements. 
Shoulder girdle's muscles have been shown to work differently, 
too, the respective alteration conditioned by the degree of 
parallelism between the gravity vector and the direction of 
application of force exerted by these muscles. For example, 
pectoral muscle worked perpendicularly to gravity, and in 
the experiment, gravitational changes affected it the least 
[15, 16]. These findings found confirmation in subsequent 
studies. Presumably, altered gravitation could have forced 

the sensorimotor system to perceive weight changes as an 
increase or decrease of the mass of the held object, as well 
as that of the hand itself, when these parameters have in fact 
remained unchanged. Microgravity made hand movements 
slower and lasting longer, hypergravity — less accurate and 
lasting longer; the latter effect is probably conditioned by a 
more concentrated conscious cognitive control effort. The 
increased feedback seems to have helped compensate for 
the decreased accuracy [17]. These experiments show that in 
microgravity, there is a need for additional cognitive control of 
movements, which, apparently, gives rise to a deficit of neural 
resources due to sensorimotor adaptation to microgravity. This 
process, in turn, degrades the ability to simultaneously perform 
cognitive and motor tasks when in space [18]. Terrestrial 
experiments simulating individual effects weightlessness also 
show rearrangements in sensorimotor and spatial working 
memory that hinder the ability to solve complex tasks and 
cause psychoemotional shifts [19, 20].

The effect of microgravity on structural changes 
in the brain

Adaption to the peculiarities of movements and performing 
various tasks in microgravity is accompanied by structural 
changes in the brain departments and pathways that are 
mainly associated with motor activity. Functional MRI has 
revealed that prolonged exposure to weightlessness promotes 
rearrangements in the vestibular and motor regions of the brain, 
with alterations registered predominantly in the cerebellum, 
cortical sensorimotor and somatosensory regions, as well 
as vestibular pathways, accompanied by the changes in the 
number of synapses and axonal degeneration [21, 22]. It was 
also found that microgravity causes microstructural changes in 
the brain in general and sensorimotor tracts in particular [23]. In 
2016, scientists noted a decrease in the amount of gray matter 
in the frontal and temporal lobes, in the orbitofrontal cortex, as 
well as in the bilateral medial sections of the middle cerebellar 
peduncles, and changes in some regions of the brain were 
significantly more pronounced after LTSF [24]. As for white 
matter, changes therein were detected in the right superior and 
inferior longitudinal fascicles, corticospinal tract and cerebellar 
peduncles [9]. In 2022, significant microstructural changes were 
identified in the corpus callosum, arcual fascicle, corticospinal, 
corticostriar and cerebellar tracts [23]. These discoveries point 
to adaptive neuroplasticity mechanisms that are activated when 
a person's environmental conditions alter. A greater volume of 
white matter in the cerebellum registered after spaceflight also 
clearly confirms activation of these mechanisms [25]. Russian 
scientists have also demonstrated adaptive neuroplasticity in 
Russian cosmonauts [26].

At the same time, brain rearrangements occurring in the 
context of an LTSF reduce the individual's adaptability to 
the conditions of Earth gravity. Post-flight examinations of 
cosmonauts have revealed hindered operation of the precentral 
and postcentral gyri, responsible for voluntary movements 
and proprioception, respectively, and maloperation of the 
cerebellum, which governs movement coordination. Damage 
to these areas of the brain leads to somatosensory disorders, 
problems with the accuracy and speed of voluntary movements, 
and obstructs movement synchronization [27]. Observations of 
cosmonauts show that on the day of landing they experience 
ataxia, manifested in impaired coordination of movements and 
pose maintenance, which indicates dysfunction of the vestibular 
system and impaired proprioception. Impaired coordination of 
movements is recorded three days after the flight, too, but 
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without dizziness [2]. The post-spaceflight changes in human 
sensorimotor characteristics, including degraded motor activity, 
balance and fine motor skills, are well-documented [18]. 
Investigation of the adverse effects of microgravity associated 
with alterations in somatosensory and vestibular signals 
revealed significant changes in the volume of gray matter. 
Antiorthostatic hypokinesia triggered growth of its volume in 
the postparietal and shrinkage thereof in the frontal regions of 
the brain. These structures govern control and coordination 
of voluntary movements, sensorimotor coordination, and 
processing of sensory information. In addition, functional 
mobility and the ability to maintain balance while standing have 
been observed to deteriorate. Such changes are associated 
with a greater amount of gray matter in the region that includes 
quader, precentral and postcentral gyri, which are responsible 
for sensory perception, motor control, and orientation in space 
and time [28].

The effect of microgravity on functional changes 
in the brain

The listed adaptive mechanisms condition functional connectivity 
of the brain regions after exposure to microgravity. For 
example, structural connectivity of white matter changes in 
areas involved in visual-spatial data processing, vestibular 
function, and motion control, suggesting that the processes 
requiring prefrontal multimodal integration of sensory signals 
may be at risk during spaceflight [9]. Immediately after the 
LTSF and 8 months later, there has been registered a persisting 
deterioration of connectivity in the posterior cingulate cortex 
and thalamus, with the respective indicator increasing in 
the right angular gyrus. Connectivity in the bilateral insular 
cortex decreased after spaceflight, but returned to normal by 
the time of the next examination. The study shows that the 
altered gravitational environment affects functional connectivity 
longitudinally in multimodal brain centers, reflecting adaptation 
to unfamiliar and contradictory sensory information peculiar 
to microgravity [26]. Another study detected deteriorating 
connectivity in the right insular lobe associated with afferents 
of otolith organs and semicircular canals, as well as between 
the cerebellum's left hemisphere and the motor cortex's right 
zone. The conclusions that the motor cortex is less connected 
during rest and gets more activated in the context of an active 
task can be considered a compensatory adaptive response to 
microgravity, as well as a mechanism of adaptation triggered 
in the early post-landing period [27]. In one study, scientists 
sought to determine correlations between changes in the 
brain and changes in the performance of spatial working 
memory (SWM) before and after flight; they did not register any 
significant impact of LTSF on the performance of SWM or brain 
activity, but observed significant changes in brain connections. 
Thus, superior occipital gyrus was found to communicate 
with the rest of the brain less effectively. Testing of SWM also 
revealed poorer connection between left middle occipital gyrus 
and left parahippocampal gyrus, as well as left cerebellum 
and left lateral occipital cortex [29]. In addition, another study 
recorded intra- and interhemispheric anti-correlations between 
temporoparietal junction and supramarginal gyri, which indicate 
a change in both vestibular functions and functions associated 
with consciousness [30]. Prolonged stay in antiorthostatic 
hypokinesia led to a deterioration of balance and motor activity, 
as well as significant changes in the functional connectivity of 
the motor, somatosensory and vestibular regions of the brain 
[31]. Moreover, some of these changes were largely associated 
with rearrangements in the sensorimotor and spatial working 

memory, which suggests that neuroplasticity mechanisms may 
contribute to adaptation to simulated microgravity [20]. For 
cosmonauts, one of the most important problems associated 
with impaired sensorimotor and cognitive functions is space 
motion sickness, which occurs when a person undergoes 
acute adaptation to microgravity. Examinations of the brain 
during nausea caused by two different types of stimuli have 
revealed dipoles in the area of cerebral cortex (lower part of the 
frontal gyrus) measuring 2–3 cm in diameter, which signals of 
activation of neurons. Severe nausea meant more dipoles than 
milder nausea. Thus, nausea caused by the vestibular system 
affects the prefrontal areas of the brain that are associated with 
autonomic regulation of emotions, which implies that motion 
sickness can have an effect on those prefrontal areas and 
disrupt autonomic mechanisms [32]. Clearly, transformation 
of the pathways participating in cognition and processing of 
sensory information can negatively affect the ability to pilot and 
dock a spacecraft or perform other operations that also require 
spatial memory. In 2020, there have been designed studies 
to determine the effect of microgravity on higher cognitive 
functions. However, they yielded contradictory results: some 
reported deterioration thereof, others — improvement, yet 
others — lack of changes [33]. A year earlier, there was 
conducted a study that observed twin astronauts before, 
during, and after a one-year mission to the International Space 
Station (ISS). This study has shown that cognitive tasks proved 
to be significantly more difficult to solve only after the flight, 
but the earlier periods of the experiment the ability of the 
participants to tackle them remained unchanged [34].

Causes and mechanisms of microstructural 
changes in the brain

Based on the analysis of the literature, it can be concluded that 
adaptive neuroplasticity and fluid redistribution are considered 
to be the two main microgravity-associated factors that drive 
microstructural changes in the brain. Presumably, neuroplastic 
adaptations mainly occur in the systems that govern motor 
activity. Based on the already existing theory of how cerebellum 
processes information, it can be assumed why microgravity 
triggers certain changes.

The cerebellum of a mammalian combines information 
from a variety of sensory systems with motor commands 
and sends projections to the motor and premotor regions 
of the cerebral cortex, as well as to the nuclei of the brain 
stem and spinal cord. Many areas of the cerebellum receive 
inputs directly from vestibular afferents and vestibular nuclei. 
Presumably, cerebellum generates an internal model that 
predicts somatosensory consequences of the movements 
performed, after which the predicted and actual consequences 
of motor behavior are compared. Currently, it is believed that 
the cerebellum calculates differences and generates an error 
signal that controls recalibration of motor centers [35]. On 
Earth, the body is constantly exposed to gravity, which leads 
to continuous stimulation of otolith organs and proprioceptors. 
Studies show that some of the Purkinje cells in the cerebellum 
encode head positions and their changes relative to the 
direction of gravity. Apparently, orientation in space factors in 
constant gravity, so researchers believe that the internal model 
of motion calculated inside the cerebellum also accounts for 
this force [35]. However, spaceflights imply microgravity, which 
translates into a discrepancy between sensory consequences 
of movements modeled by the brain and the real sensations. 
Consequently, this triggers rearrangements in the vestibular 
signal processing system that enable adaptation to the new 
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environmental conditions. In this connection, a study reported 
an increase in the mass of otoliths and the number of hair 
cells in the first weeks of spaceflight, a short-term increase in 
the sensitivity of the vestibular pathways (returned to normal 
over time), and changes in the morphology of the Purkinje cell 
dendrites and synaptic organization of afferent mossy fibers [36].

From a molecular point of view, microstructural 
rearrangements occur under the influence of various signaling 
protein molecules. One of the key protein factors that play a 
part in the mechanisms of neuroplasticity is the brain0derived 
neurotrophic factor (BDNF), different isoforms of which 
positively and negatively contribute to the maintenance of brain 
homeostasis. For example, pro-BDNF stimulates apoptosis 
and negatively affects remodeling of neurons, eliminating 
an excessive number of maturing or damaged cells and 
ineffective neural connections, while m-BDNF (m — mature) 
supports neuro- and gliogenesis, branching of dendrites 
and development of the dendritic processes. Multidirectional 
influence of these isoforms allows precise control of dynamic 
balance, which is necessary to maintain brain homeostasis [37]. 
In an animal experiment (rats), it was shown that learning boosts 
expression level of BDNF isoforms, as well as tyrosine kinase 
receptor B (TrkB), which mainly acts as a BDNF receptor [38].

Regular physical exercises by cosmonauts should also be 
taken into account. Some data indicate that physical exertion 
has a positive effect on neuroplasticity, increasing expression of 
certain proteins; in particular, high-intensity short workouts boost 
production of BDNF, TrkB, and pCREB [39]. Phosphorylated 
transcription factor CREB activates transcription of the BDNF 
gene and acts as a marker of LIM kinase 1 (LIMK1) activity, 
which blocks actin depolymerization, with subsequent 
restructuring of dendrite spikes and supported neural plasticity 
[40]. Other studies have shown that regular exercising enhances 
neuroplasticity by increasing the expression of insulin-like 
growth factor 1 (IGF 1), which is important for the development 
and maintenance of brain functions, as well as BDNF protein 
and the positively correlated vascular endothelial growth factor 
(VEGF), which mediates angiogenesis in the brain. Moreover, it 
was found that smaller BDNF expression has a similar effect on 
the VEGF, with ultimate slowdown of angiogenesis [41].

The described changes lead to enhanced neuro-, angio- 
and synaptogenesis and, apparently, cause structural and 
functional rearrangements in the brain, including growth of the 
volume of gray matter in the cerebellum, hippocampus, basal 
ganglia and some parts of the cortex, and changes in the 
volume of white matter [42].

In addition to molecular effects, it is necessary to note the 
general physiological effects mediating microstructural changes 
in the brain. For example, a simulated microgravity experiment 
(dry immersion) has shown a slowdown of blood flow in 32 
cortical and subcortical regions after 5 days [43]. Presumably, 
this effect may be the result of the narrowing of cerebral arteries 
caused by displacement of brain fluid: in the early days of a 
spaceflight, cerebral blood flow increases along with intracranial 
pressure, which leads to chronic vasoconstriction of the arteries 
and subsequent hypertrophy. Prolonged vasoconstriction, 
combined with histological changes, is probably responsible 
for stronger vascular resistance and weaker total blood flow in 
the brain [43]. Moreover, there is evidence of plasma volume 
decreasing in microgravity, which also contributes to a decrease 
of cerebral blood flow [44]. In addition to the general blood flow 
decrease, there is a redistribution of blood supply in various 
parts of the brain. Inter alia, regional blood flow in the basal 
ganglia was registered decreasing, a phenomenon explained 

by intensification of operation of these areas due to their central 
role in information processing; however, there are assumptions 
of a potential modification of neurotransmitter metabolism, 
which is largely unexplored in the context of microgravity [43]. 
Such changes in the nature of blood supply are presumably 
closely related to the structural changes in the brain. It has been 
shown that transformations in the primary sensorimotor cortex, 
basal ganglia and cerebellum do not entail changes in the 
proportion of free fluid, which shows the importance of further 
research efforts designed to fully clarify the exact nature of the 
effects of spaceflight on brain structures [21]. There are other 
factors that affect the brain of the cosmonaut, and they need to 
be taken into account, too. Thus, it was shown that one of the 
conditions of spaceflight — prolonged isolation — decreases 
the volume of the hippocampus and brings down the correlated 
concentration of BDNF [45]. Moreover, a decrease in the volume 
of the dentate gyrus of the hippocampus was also associated 
with deteriorating cognitive performance as shown by spatial 
processing and selective attention tests [45]. In addition, it is 
known that ISS crew members often complain of headaches, 
visual and cognitive impairments that correlate with CO

2
 levels, 

and, judging by the existing studies, the redistribution of fluids 
in microgravity in combination with an increased CO

2
 content 

in the atmosphere affects nervous functions and cognitive 
performance [46]. In this regard, it should be mentioned that 
cosmonauts on the ISS have increased expression of hypoxia-
induced factor alpha-1 (HIF-1a), which, in turn, pushes up the 
concentration of VEGF-1, a protein the expression of which 
correlates with BDNF [47]. All these phenomena indicate wide 
network interactions of molecular genetic effects resulting from 
the complex of various factors of spaceflight that are to be 
investigated.

CONCLUSION

Thus, we can assume that the functional and structural 
transformations observed in cosmonauts' brains are 
consequences of molecular, genetic, and other intracellular 
changes, which, in turn, are caused by living conditions altered 
by spaceflight. The most influential factor is microgravity, which 
causes the redistribution of fluid in the body and neuroplastic 
adaptation of sensorimotor systems to changed conditions. 
There are, however, other factors of spaceflight that also affect 
cosmonauts. For example, prolonged isolation translates into 
weaker expression of BDNF, and hypoxia occurring in stagnant 
zones of the ISS, where the level of CO

2
 is increased, leads 

to greater concentrations of VEGF-1, which is associated with 
BDNF. Clearly, other conditions cause their own molecular 
effects, which are interconnected. There is a complex interaction 
following the pattern of an extensive network, where each 
external factor adds its contribution. Determining the specific 
roles of each of the factors of spaceflight is an extremely 
labor-intensive task that is yet to be tackled. Solving this 
task would allow a more accurate and detailed study of the 
influence of spaceflight factors on the human central nervous 
system, which is necessary, first of all, to develop preventive 
measures aimed at minimizing the negative consequences of 
such flight. Investigation of these issues is of special interest, 
since it is the improvement of health and efficiency of crew 
members that largely determines the success and safety of 
future mission, including flights to deep space, Mars, and 
asteroids, which are the immediate goals defined in the 
strategy and concept of the development of the Russian 
space industry.



22

REVIEW    SPACE MEDICINE

EXTREME MEDICINE   2, 26, 2024   MES.FMBA.PRESS| |

References

1.	 Rabin R, et al. Effects of spaceflight on the musculoskeletal 
system: NIH and NASA future directions. FASEB journal: 
official publication of the Federation of American Societies for 
Experimental Biology. 1993; 7 (5): 396–8.

2.	 Demertzi A, et al. Cortical reorganization in an astronaut’s brain 
after long-duration spaceflight. Brain Structure and function. 
2016; 221: 2873–6.

3.	 Ryumin ОО. Some issues of the psychological support to piloted 
interplanetary missions. Aviakosmicheskaya i Ekologicheskaya 
Meditsina. 2017; 51 (4): 15. Russian.

4.	 Nasrini J, et al. Cognitive performance in long-duration Mars 
simulations at the Hawaii space exploration analog and simulation 
(HI-SEAS). NASA Human Research Program Investigators’ Workshop. 
2017; 1–2.

5.	 Nelson ES, Mulugeta L, Myers JG. Microgravity-induced fluid shift 
and ophthalmic changes. Life. 2014; 4 (4): 621–65.

6.	 Roberts DR, et al. Effects of spaceflight on astronaut brain 
structure as indicated on MRI. New England Journal of Medicine. 
2017; 377 (18): 1746–53.

7.	 Van Ombergen A, et al. Brain tissue–volume changes in cosmonauts. 
New England Journal of Medicine. 2018; 379 (17): 1678–80.

8.	 Van Ombergen A, et al. Brain ventricular volume changes 
induced by long-duration spaceflight. Proceedings of the National 
Academy of Sciences. 2019; 116 (21): 10531–6.

9.	 Lee JK, et al. Spaceflight-associated brain white matter microstructural 
changes and intracranial fluid redistribution. JAMA neurology. 
2019; 76 (4): 412–9.

10.	 Kramer LA, et al. Intracranial effects of microgravity: a prospective 
longitudinal MRI study. Radiology. 2020; 295 (3): 640–8.

11.	 Hupfeld KE, et al. Longitudinal MRI-visible perivascular space 
(PVS) changes with long-duration spaceflight. Scientific Reports. 
2022; 12 (1): 7238.

12.	 McGregor HR, et al. Impacts of spaceflight experience on human 
brain structure. Scientific Reports. 2023; 13 (1): 7878.

13.	 Karpenko MP, Davydov DG, Chmykhova EV. Crew training in 
the course of long-duration space missions as a way to maintain 
cosmonauts’ socialization and cognitive abilities. Aviakosmicheskaya 
i Ekologicheskaya Meditsina. 2018; 52 (6): 19–25. Russian.

14.	 Kanas N, et al. Psychology and culture during long-duration 
space missions. Springer Berlin Heidelberg. 2013; 153–84.

15.	 Jamšek M, et al. Effects of simulated microgravity and hypergravity 
conditions on arm movements in normogravity. Frontiers in Neural 
Circuits. 2021; 15: 750176.

16.	 Seidler RD, et al. Future research directions to identify risks and 
mitigation strategies for neurostructural, ocular, and behavioral 
changes induced by human spaceflight: A NASA-ESA expert 
group consensus report. Frontiers in Neural Circuits. 2022; 16: 
876789.

17.	 Kunavar T, et al. Effects of local gravity compensation on motor 
control during altered environmental gravity. Frontiers in Neural 
Circuits. 2021; 15: 750267.

18.	 Tays GD, et al. The effects of long duration spaceflight on 
sensorimotor control and cognition. Frontiers in neural circuits. 
2021; 15: 723504.

19.	 Strangman GE, Sipes W, Beven G. Human cognitive performance 
in spaceflight and analogue environments. Aviation, space, and 
environmental medicine. 2014; 85 (10): 1033–48.

20.	 Cassady K, et al. Effects of a spaceflight analog environment on 
brain connectivity and behavior. Neuroimage. 2016; 141: 18–30.

21.	 Stella AB, et al. Neurophysiological adaptations to spaceflight and 
simulated microgravity. Clinical Neurophysiology. 2021; 132 (2): 
498–504.

22.	 Koppelmans V, et al. Study protocol to examine the effects of 
spaceflight and a spaceflight analog on neurocognitive performance: 
extent, longevity, and neural bases. BMC neurology. 2013; 13: 1–15.

23.	 Doroshin A, et al. Brain connectometry changes in space travelers 
after long-duration spaceflight. Frontiers in neural circuits. 2022; 16: 6.

24.	 Koppelmans V, et al. Brain structural plasticity with spaceflight. npj 
Microgravity. 2016: 2 (1): 2.

25.	 Jillings S, et al. Macro-and microstructural changes in cosmonauts’ 
brains after long-duration spaceflight. Science advances. 2020; 6 

(36): eaaz9488.
26.	 Jillings S, et al. Prolonged microgravity induces reversible 

and persistent changes on human cerebral connectivity. 
Communications Biology. 2023; 6 (1): 46.

27.	 Pechenkova E, et al. Alterations of functional brain connectivity 
after long-duration spaceflight as revealed by fMRI. Frontiers in 
Physiology. 2019; 10: 761.

28.	 Li K, et al. Effect of simulated microgravity on human brain gray 
matter and white matter–evidence from MRI. PloS one. 2015; 10 
(8): e0135835.

29.	 Salazar AP, et al. Changes in working memory brain activity and 
task-based connectivity after long-duration spaceflight. Cerebral 
Cortex. 2023; 33 (6): 2641–54.

30.	 Van Ombergen A, et al. Intrinsic functional connectivity reduces 
after first-time exposure to short-term gravitational alterations 
induced by parabolic flight. Scientific Reports. 2017; 7 (1): 3061.

31.	 Koppelmans V, et al. Brain plasticity and sensorimotor deterioration 
as a function of 70 days head down tilt bed rest. PloS one. 2017; 
12 (8): e0182236.

32.	 Miller AD, et al. Human Cortical Activity during Vestibular‐and 
Drug‐Induced Nausea Detected Using MSI a. Annals of the New 
York Academy of Sciences. 1996; 781 (1): 670–2.

33.	 Mammarella N. The effect of microgravity-like conditions on 
high-level cognition: a review. Frontiers in Astronomy and Space 
Sciences. 2020; 7: 6.

34.	 Garrett-Bakelman FE, et al. The NASA Twins Study: A 
multidimensional analysis of a year-long human spaceflight. 
Science. 2019; 364 (6436): eaau8650.

35.	 Cullen KE. Vestibular processing during natural self-motion: 
implications for perception and action. Nature Reviews Neuroscience. 
2019; 20 (6): 346–63.

36.	 Carriot J, Mackrous I, Cullen KE. Challenges to the vestibular 
system in space: how the brain responds and adapts to 
microgravity. Frontiers in neural circuits. 2021; 15: 760313.

37.	 Kowiański P, et al. BDNF: a key factor with multipotent impact 
on brain signaling and synaptic plasticity. Cellular and molecular 
neurobiology. 2018; 38: 579–93.

38.	 Silhol M, et al. Spatial memory training modifies the expression 
of brain-derived neurotrophic factor tyrosine kinase receptors in 
young and aged rats. Neuroscience. 2007; 146 (3): 962–73.

39.	 Okamoto M, et al. High-intensity intermittent training enhances 
spatial memory and hippocampal neurogenesis associated with 
BDNF signaling in rats. Cerebral Cortex. 2021; 31 (9): 4386–97.

40.	 Kaminskaya AN, et al. Influence of limk1 Gene Polymorphism 
on Learning Acquisition and Memory Formation with pCREB 
Distribution and Aggregate Formationin Neuromuscular Junctions 
in Drosophila melanogaster. Russian J. Genetics. 2015; 51 (6): 
685. Russian.

41.	 Lin CY, et al. Brain-derived neurotrophic factor increases vascular 
endothelial growth factor expression and enhances angiogenesis 
in human chondrosarcoma cells. Biochemical pharmacology. 
2014; 91 (4): 522–33.

42.	 El-Sayes J, et al. Exercise-induced neuroplasticity: a mechanistic 
model and prospects for promoting plasticity. The Neuroscientist. 
2019; 25 (1): 65–85.

43.	 Guillon L, et al. Reduced Regional Cerebral Blood Flow Measured 
by 99mTc-Hexamethyl Propylene Amine Oxime Single-Photon 
Emission Computed Tomography in Microgravity Simulated by 
5-Day Dry Immersion. Frontiers in Physiology. 2021; 12: 789298.

44.	 Ogoh S, et al. Internal carotid, external carotid and vertebral 
artery blood flow responses to 3 days of head‐out dry immersion. 
Experimental Physiology. 2017; 102 (10): 1278–87.

45.	 Stahn AC, et al. Brain changes in response to long Antarctic expeditions. 
New England Journal of Medicine. 2019; 381 (23): 2273-5.

46.	 Mahadevan AD, et al. Head-down-tilt bed rest with elevated 
CO2: effects of a pilot spaceflight analog on neural function and 
performance during a cognitive-motor dual task. Frontiers in 
Physiology. 2021; 12: 654906.

47.	 Luxton JJ, et al. Telomere length dynamics and DNA damage 
responses associated with long-duration spaceflight. Cell 
Reports. 2020; 33 (10): 108457.



23

ОБЗОР    КОСМИЧЕСКАЯ МЕДИЦИНА

МЕДИЦИНА ЭКСТРЕМАЛЬНЫХ СИТУАЦИЙ   2, 26, 2024   MES.FMBA.PRESS| |

Литература

1.	 Rabin R, et al. Effects of spaceflight on the musculoskeletal 
system: NIH and NASA future directions. FASEB journal: 
official publication of the Federation of American Societies for 
Experimental Biology. 1993; 7 (5): 396–8.

2.	 Demertzi A, et al. Cortical reorganization in an astronaut’s brain 
after long-duration spaceflight. Brain Structure and function. 
2016; 221: 2873–6.

3.	 Рюмин О. О. Вопросы психологического обеспечения 
пилотируемых межпланетных полетов. Авиакосм. и экол. 
мед. 2017; 51 (4): 15.

4.	 Nasrini J, et al. Cognitive performance in long-duration Mars 
simulations at the Hawaii space exploration analog and simulation 
(HI-SEAS). NASA Human Research Program Investigators’ Workshop. 
2017; 1–2.

5.	 Nelson ES, Mulugeta L, Myers JG. Microgravity-induced fluid shift 
and ophthalmic changes. Life. 2014; 4 (4): 621–65.

6.	 Roberts DR, et al. Effects of spaceflight on astronaut brain 
structure as indicated on MRI. New England Journal of Medicine. 
2017; 377 (18): 1746–53.

7.	 Van Ombergen A, et al. Brain tissue–volume changes in cosmonauts. 
New England Journal of Medicine. 2018; 379 (17): 1678–80.

8.	 Van Ombergen A, et al. Brain ventricular volume changes 
induced by long-duration spaceflight. Proceedings of the National 
Academy of Sciences. 2019; 116 (21): 10531–6.

9.	 Lee JK, et al. Spaceflight-associated brain white matter microstructural 
changes and intracranial fluid redistribution. JAMA neurology. 
2019; 76 (4): 412–9.

10.	 Kramer LA, et al. Intracranial effects of microgravity: a prospective 
longitudinal MRI study. Radiology. 2020; 295 (3): 640–8.

11.	 Hupfeld KE, et al. Longitudinal MRI-visible perivascular space 
(PVS) changes with long-duration spaceflight. Scientific Reports. 
2022; 12 (1): 7238.

12.	 McGregor HR, et al. Impacts of spaceflight experience on human 
brain structure. Scientific Reports. 2023; 13 (1): 7878.

13.	 Карпенко М. П., Давыдов Д. Г., Чмыхова Е. В. Обучение 
экипажей в ходе длительных космических полетов как средство 
поддержания социализации и когнитивных способностей 
космонавтов. Авиакосмическая и экологическая медицина. 
2018; 52 (6): 19–25.

14.	 Kanas N, et al. Psychology and culture during long-duration 
space missions. Springer Berlin Heidelberg. 2013; 153–84.

15.	 Jamšek M, et al. Effects of simulated microgravity and hypergravity 
conditions on arm movements in normogravity. Frontiers in Neural 
Circuits. 2021; 15: 750176.

16.	 Seidler RD, et al. Future research directions to identify risks and 
mitigation strategies for neurostructural, ocular, and behavioral 
changes induced by human spaceflight: A NASA-ESA expert group 
consensus report. Frontiers in Neural Circuits. 2022; 16: 876789.

17.	 Kunavar T, et al. Effects of local gravity compensation on motor 
control during altered environmental gravity. Frontiers in Neural 
Circuits. 2021; 15: 750267.

18.	 Tays GD, et al. The effects of long duration spaceflight on 
sensorimotor control and cognition. Frontiers in neural circuits. 
2021; 15: 723504.

19.	 Strangman GE, Sipes W, Beven G. Human cognitive performance 
in spaceflight and analogue environments. Aviation, space, and 
environmental medicine. 2014; 85 (10): 1033–48.

20.	 Cassady K, et al. Effects of a spaceflight analog environment on 
brain connectivity and behavior. Neuroimage. 2016; 141: 18–30.

21.	 Stella AB, et al. Neurophysiological adaptations to spaceflight and 
simulated microgravity. Clinical Neurophysiology. 2021; 132 (2): 
498–504.

22.	 Koppelmans V, et al. Study protocol to examine the effects 
of spaceflight and a spaceflight analog on neurocognitive 
performance: extent, longevity, and neural bases. BMC neurology. 
2013; 13: 1–15.

23.	 Doroshin A, et al. Brain connectometry changes in space travelers 
after long-duration spaceflight. Frontiers in neural circuits. 2022; 16: 6.

24.	 Koppelmans V, et al. Brain structural plasticity with spaceflight. npj 
Microgravity. 2016: 2 (1): 2.

25.	 Jillings S, et al. Macro-and microstructural changes in cosmonauts’ 

brains after long-duration spaceflight. Science advances. 2020; 6 
(36): eaaz9488.

26.	 Jillings S, et al. Prolonged microgravity induces reversible 
and persistent changes on human cerebral connectivity. 
Communications Biology. 2023; 6 (1): 46.

27.	 Pechenkova E, et al. Alterations of functional brain connectivity 
after long-duration spaceflight as revealed by fMRI. Frontiers in 
Physiology. 2019; 10: 761.

28.	 Li K, et al. Effect of simulated microgravity on human brain gray 
matter and white matter–evidence from MRI. PloS one. 2015; 10 
(8): e0135835.

29.	 Salazar AP, et al. Changes in working memory brain activity and 
task-based connectivity after long-duration spaceflight. Cerebral 
Cortex. 2023; 33 (6): 2641–54.

30.	 Van Ombergen A, et al. Intrinsic functional connectivity reduces 
after first-time exposure to short-term gravitational alterations 
induced by parabolic flight. Scientific Reports. 2017; 7 (1): 3061.

31.	 Koppelmans V, et al. Brain plasticity and sensorimotor deterioration 
as a function of 70 days head down tilt bed rest. PloS one. 2017; 
12 (8): e0182236.

32.	 Miller AD, et al. Human Cortical Activity during Vestibular‐and 
Drug‐Induced Nausea Detected Using MSI a. Annals of the New 
York Academy of Sciences. 1996; 781 (1): 670–2.

33.	 Mammarella N. The effect of microgravity-like conditions on 
high-level cognition: a review. Frontiers in Astronomy and Space 
Sciences. 2020; 7: 6.

34.	 Garrett-Bakelman FE, et al. The NASA Twins Study: A 
multidimensional analysis of a year-long human spaceflight. 
Science. 2019; 364 (6436): eaau8650.

35.	 Cullen KE. Vestibular processing during natural self-motion: 
implications for perception and action. Nature Reviews Neuroscience. 
2019; 20 (6): 346–63.

36.	 Carriot J, Mackrous I, Cullen KE. Challenges to the vestibular 
system in space: how the brain responds and adapts to 
microgravity. Frontiers in neural circuits. 2021; 15: 760313.

37.	 Kowiański P, et al. BDNF: a key factor with multipotent impact 
on brain signaling and synaptic plasticity. Cellular and molecular 
neurobiology. 2018; 38: 579–93.

38.	 Silhol M, et al. Spatial memory training modifies the expression 
of brain-derived neurotrophic factor tyrosine kinase receptors in 
young and aged rats. Neuroscience. 2007; 146 (3): 962–73.

39.	 Okamoto M, et al. High-intensity intermittent training enhances 
spatial memory and hippocampal neurogenesis associated with 
BDNF signaling in rats. Cerebral Cortex. 2021; 31 (9): 4386–97.

40.	 Каминская А. Н. и др. Обучение и формирование памяти 
в сопоставлении с распределением pCREB и белковых 
агрегатов в нейромышечных контактах у Drosophila 
melanogaster при полиморфизме limk1. Генетика. 2015; 51 (6): 685.

41.	 Lin CY, et al. Brain-derived neurotrophic factor increases vascular 
endothelial growth factor expression and enhances angiogenesis 
in human chondrosarcoma cells. Biochemical pharmacology. 
2014; 91 (4): 522–33.

42.	 El-Sayes J, et al. Exercise-induced neuroplasticity: a mechanistic 
model and prospects for promoting plasticity. The Neuroscientist. 
2019; 25 (1): 65–85.

43.	 Guillon L, et al. Reduced Regional Cerebral Blood Flow Measured 
by 99mTc-Hexamethyl Propylene Amine Oxime Single-Photon 
Emission Computed Tomography in Microgravity Simulated by 
5-Day Dry Immersion. Frontiers in Physiology. 2021; 12: 789298.

44.	 Ogoh S, et al. Internal carotid, external carotid and vertebral 
artery blood flow responses to 3 days of head‐out dry immersion. 
Experimental Physiology. 2017; 102 (10): 1278–87.

45.	 Stahn AC, et al. Brain changes in response to long Antarctic expeditions. 
New England Journal of Medicine. 2019; 381 (23): 2273-5.

46.	 Mahadevan AD, et al. Head-down-tilt bed rest with elevated 
CO2: effects of a pilot spaceflight analog on neural function and 
performance during a cognitive-motor dual task. Frontiers in 
Physiology. 2021; 12: 654906.

47.	 Luxton JJ, et al. Telomere length dynamics and DNA damage 
responses associated with long-duration spaceflight. Cell 
Reports. 2020; 33 (10): 108457.


