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In the next century, flying civilians to space or humans to Mars will no longer be a subject
of science fiction. The altered gravitational environment experienced during space flight,
as well as that experienced following landing, results in impaired perceptual and motor
performance—particularly in the first days of the new environmental challenge. Notably,
the absence of gravity unloads the vestibular otolith organs such that they are no longer
stimulated as they would be on earth. Understanding how the brain responds initially and
then adapts to altered sensory input has important implications for understanding the
inherent abilities as well as limitations of human performance. Space-based experiments
have shown that altered gravity causes structural and functional changes at multiple
stages of vestibular processing, spanning from the hair cells of its sensory organs to the
Purkinje cells of the vestibular cerebellum. Furthermore, ground-based experiments have
established the adaptive capacity of vestibular pathways and neural mechanism that
likely underlie this adaptation. We review these studies and suggest that the brain likely
uses two key strategies to adapt to changes in gravity: (i) the updating of a cerebellum-
based internal model of the sensory consequences of gravity; and (ii) the re-weighting
of extra-vestibular information as the vestibular system becomes less (i.e., entering
microgravity) and then again more reliable (i.e., return to earth).

Keywords: afferent, brainstem, cerebellum, neural coding, vestibulo-ocular reflex, vestibulospinal reflex, self-
motion

INTRODUCTION

On earth, gravity is a force to which we are constantly exposed starting from the day we
are born (Lacquaniti et al., 2014). During our everyday activities, it is vital that the brain
accounts for the physical force of gravity (Honeine et al., 2013, 2014; Jansen et al., 2014).
This is because, during our natural behaviors, gravity produces disequilibrium torques
that must be counteracted by our motor systems to maintain balance and prevent falls.
Accordingly, our feedforward compensatory pathways, postural strategies, and locomotor
patterns all require taking gravity into account to ensure the maintenance of equilibrium
during everyday activities—including quiet standing, arm reaching and locomotion (Cordo
and Nashner, 1982; Papaxanthis et al., 1998; Sylos-Labini et al., 2013; Honeine et al., 2014;
Lacquaniti et al., 2014; Macaluso et al., 2017). Moreover, the physical force of gravity provides
a vital world-based reference to which we can anchor our perception of spatial orientation as
well as control of balance (Lackner and DiZio, 2005; Lacquaniti et al., 2014; Panic et al., 2015).
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Importantly, during space exploration missions, the force
of gravity becomes minimal. As a result, nearly 70% of
all astronauts experience impaired balance, locomotion, gaze
control, dynamic visual acuity, eye–head–hand coordination,
and/or motion sickness within the first 3–4 days of both space
flight and then again after returning to earth (Lackner and
Dizio, 2006; Souvestre et al., 2008). These symptoms arise
because changes in gravity alter the sensory input from the
vestibular system, which in turn generates a persistent conflict
(i.e., mismatch) between expected and actual sensory vestibular
inputs during active movements (Oman and Cullen, 2014).
Then, in the days following such changes in gravity, astronauts
show sensorimotor adaptation that results in improved motor
performance. As discussed below, recent experiments using
ground-based models have furthered our understanding of the
neural mechanisms that underlie sensorimotor adaptation and
thus have important implications regarding the interpretation
of the results from flight-based studies. Notably, these studies
have established the neural mechanisms that underlie the brain’s
computation of an estimate of gravity and self-motion during
active behaviors and have also provided evidence for the re-
weighting of vestibular inputs in conditions where it becomes
less reliable. In this review, we consider these findings in the
context of experiments that have studied the neurovestibular
adaptation during and after space flight and the implications
for improving human performance during and following space
exploration.

GRAVITY IS IMPORTANT ON EARTH:
POSTURE, PERCEPTION, AND BEHAVIOR

The findings of theoretical as well as behavioral studies have led
to the longstanding hypothesis that the brain builds an internal
model of the expected sensory consequence of our own actions
(Wolpert et al., 1998; Wolpert and Ghahramani, 2000). During
self-motion, this internal model is required for the maintenance
of posture, accurate spatial orientation, and the generation of
precise voluntary movement (Cullen, 2019). Specifically, by
comparing the incoming sensory information from different
modalities (i.e., vestibular signals with information from the
proprioceptive, somatosensory, and visual systems) with that
predicted by its internal model, the brain anticipates and
validates the consequences of the force of gravity (McIntyre
et al., 1998; Zupan et al., 2002). On earth, the expectation of the
constant force of gravity is an inherent component of this internal
model. However, during space exploration, the force of gravity
becomes negligible resulting in a mismatch between the brain’s
expectation of the sensory consequences of movement and that
which is actually experienced due to the resultant unloading
of the otoliths. This mismatch has important implications for
astronauts, during and after space flight, since it results in
impaired behavioral performance in the first days of exposure
to an altered gravity environment. However, after 1–5 days of
space flight and ∼1 week after landing these symptoms largely
disappear, implying that the brain has adapted to the new
gravitational environment.

Posture and Locomotion in Space
The maintenance of upright posture during quiet standing
requires overcoming the force of gravity. The biomechanics of
human posture can be well modeled by an inverse pendulum
(Winter et al., 1997, 1998). Accordingly, we constantly oscillate
around an equilibrium point and small corrective movements are
required to prevent falling. The neural mechanisms that stabilize
upright posture in 1 g generally persist when initially exposed
to microgravity, even though they are no longer necessary
(Clément et al., 1984; Mouchnino et al., 1996; Massion et al.,
1997; Vernazza-Martin et al., 2000; Baroni et al., 2001). Indeed,
the human body naturally assumes a more neutral posture in
microgravity characterized by a semi-crouched torso, flexed arms
and legs, and forward bent neck and head (Andreoni et al.,
2000; Han Kim et al., 2019). While the brain’s internal model
of postural control appears structurally stable in the short-
term, it remains unknown whether the neural mechanisms that
stabilize the upright posture in 1 g continue to operate during
long missions in space. However, it appears likely that this is
not the case. Indeed, postural stability is often related to the
Hoffman reflex, an otolith-spinal reflex (Chen and Zhou, 2011
for review). Muscle activity associated with the Hoffman reflex
has been shown to reach low values with longer delays after
7 days in space (Reschke et al., 1984; Watt et al., 1986). It
appears that in microgravity, the information coming from the
otolith organs to the motoneurons is gradually reinterpreted.
Similarly, following re-entry into 1 g, the neural mechanisms
that stabilize the upright posture appear to be largely disrupted
following both short (1–2 weeks) and long (4–6 month) duration
spaceflight (Jain et al., 2010; Wood et al., 2015). Interestingly,
more severe and persistent deficits occur in the latter case.
Rapid recovery is reported on the first day after return, with
more gradual improvement in the following weeks ultimately
returning performance to pre-flight levels (Paloski et al., 1992;
Reschke et al., 1998).

In addition to postural instabilities, astronauts often
experience oscillopsia during locomotion following space
flight, suggesting that head-trunk coordination is impaired
(Bloomberg et al., 1997). Specifically, the coherence between
pitch head and vertical trunk movements is reduced following
space flight (Bloomberg et al., 1997; Mulavara et al., 2012) similar
to what has been observed in patients with altered vestibular
input due to peripheral vestibular loss (Mulavara et al., 2012)
or the application of galvanic vestibular stimulation (Moore
et al., 2006). An interesting fact is that head-trunk coordination
is better during locomotion after re-entry in more experienced
astronauts (e.g., number of flights; Bloomberg et al., 1997; Moore
et al., 2006) suggest that experience influences the ability to
rapidly update a vestibular based internal model for the control
of posture and locomotion.

Perception in Space
During space flight, astronauts also report spatial disorientation
and destabilizing sensations. On earth, many aspects of
our environment, including ourselves, are ‘‘gravitationally
polarized.’’ The brain continually computes our head and body
orientation relative to gravity, using vestibular and other sensory
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information (reviewed in Goldberg et al., 2012). Spaceflight
violates many of the regularities that characterize our orientation
on the ground (Lackner and DiZio, 2000). For example,
due to the lack of otolith input that normally signals head
orientation relative to gravity, astronauts can lose all sense
of spatial anchoring to their surroundings when their eyes
are closed (Lackner and Graybiel, 1979). When their eyes
are open, astronauts may intellectually know their position in
relation to their surroundings, but they do not experience a
normal sense of orientation with respect to the environment
(Lackner and DiZio, 2000). As a result, sensations of inversion,
tilt, and virtually every combination of body orientation and
vehicle orientation have been reported. With increased flight
duration such illusions, which can be experienced immediately
on transition into microgravity, tend to abate as astronauts adapt
to their new environment (Lackner and DiZio, 2000).

Perceptual adaptation to altered gravity has also been studied
using centrifugation on the ground as well as in space (e.g.,
Clément et al., 2001). For example, shortly following transition
into microgravity, subjects experience a roll tilt illusion during
centrifugation that is similar to that observed during ground-
based experiments (∼45◦). However, during prolonged exposure
(i.e., 16 days in microgravity), the illusion of tilt increased,
such that subjects reported that they felt as if they were
lying on their side (∼90◦). These results suggest that the
brain initially continues to use its ground-based model of
the sensory consequences of gravity during early space flight,
which it then adapts to account for the new microgravity
environment. Likewise, perceptual adaptation was evidenced by
larger tilt illusion values upon re-entry compared to the pre-flight
values. It is important to note that impaired perception during
gravitational transition compromises an astronaut’s ability to
control the spacecraft itself (Clément, 2018). For instance, it
has been reported that astronauts that failed to land safely had
episodes of spatial disorientation during the procedure (Clark
and Bacal, 2008). These pilots showed vestibular dysfunction
that was correlated with their performance in controlling the
spacecraft during the landing procedure.

Voluntary Movement in Space
Finally, there is accumulating evidence that the accurate control
of voluntary movements, such as reaching, is correspondingly
altered during space flight (Carriot et al., 2004; Scotto Di Cesare
et al., 2014; Gaveau et al., 2016; White et al., 2020). When
instructed to reach up or down, human subjects demonstrate
asymmetric arm kinematic suggesting that the brain also uses
an internal model of gravity to predict and take advantage
of its mechanical properties to optimize effort (Gaveau et al.,
2016). Interestingly, this asymmetry disappears in microgravity
(Carriot et al., 2004; Crevecoeur et al., 2010; Gaveau et al., 2016).
Additionally, pointing accuracy drastically decreases in absence
of gravity (Carriot et al., 2004). While it was initially proposed
that this occurs due to the reduction of the arm weight in
microgravity (Bringoux et al., 2012), a subsequent EEG study
reported increased activity within the vestibular network during
a comparable visuo-motor task (Cebolla et al., 2016). Moreover,
comparable effects have been reported in an ground-based

model when vestibular input was ablated via labyrinthectomy
(Angelaki, 2021). Thus, taken together, the altered vestibular
inputs experienced during space flight likely contribute not
only to the observed impairments in postural and perceptual
performance but also to changes in the kinematics and accuracy
of voluntary movements.

It is noteworthy that to date, most studies of voluntary
movements in microgravity have been performed during
parabolic flights and thus it was not possible to investigate
long-term adaptation. However, the findings of ground-based
centrifugation experiments have shown that reaching patterns
can rapidly adapt to new force field environments when
tested (i.e., 10–15 movements; Lackner and Dizio, 1994).
Moreover, evidence from studies of astronauts following re-entry
is consistent with rapid adaptation. Specifically, sensorimotor
learning (Mulavara et al., 2010), as well as eye–head and
head-trunk coordination (Glasauer et al., 1995; Bloomberg et al.,
1997; Reschke et al., 1998; Bloomberg and Mulavara, 2003;
Courtine and Pozzo, 2004; Clément and Wood, 2014) recover
rapidly in the first day after return from short- and long-term
missions, with an improvement that is more gradual in the
following weeks. Thus, it seems likely that the brain likewise
adapts its control of voluntary movements over the long-term in
microgravity.

Conclusions
Overall, the absence of gravity severely impairs motor and
perceptual performance. Although the computation of gravity
relies on the integration of sensory information from our
different senses, the role of the vestibular signal appeared to be
omnipresent in most if not all human behaviors in space. At this
stage, it is thus fundamental to understand how the gravity signal
is computed from vestibular inputs.

OUR BRAINS ARE WIRED TO KEEP
TRACK OF GRAVITY: WHAT HAPPENS TO
THE VESTIBULAR SYSTEM IN SPACE

Vestibular Sensory Organs and Peripheral
Transmission
To date, many investigators have studied how the vestibular
system responds and adapts to the transition from gravity to
microgravity (Figure 1). As reviewed above, the absence of
gravity leads to unloading of the otoliths such that they are no
longer stimulated as they would be on earth by changes in the
head’s spatial orientation. Early experiments in rats and frogs
suggested that this unloading causes an increase in the mass of
the otoconia (i.e., the small crystals of calcium carbonate which
couple mechanic forces to the activation of sensory hair cells
in the utricle and saccule) following short-term (i.e., 7 days)
exposure to microgravity (Vinnikov Ia et al., 1980; Ross et al.,
1985, 1987; Lychakov et al., 1989). Correspondingly, experiments
in model systems have shown that the opposite phenomenon
appears to occur in hypergravity (cichlid fish: Anken et al.,
1998; marine mollusk larvae: Pedrozo and Wiederhold, 1994;
rats: Krasnov, 1991; reviewed in Cohen et al., 2005). Most
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recently, Boyle and Varelas (2021) investigated the structural
remodeling that occurs in the otoconia of mice using electron
microscopy. Interestingly, these investigators found evidence for
a mass addition to the otoconia outer shell, following exposure to
long but not short duration spaceflight (or hindlimb unloading),
as well as the thinning of the inner shell and cavitation of the
otoconia following centrifugation. Likewise, structural changes
following hindlimb unloading have been reported following long
but not short duration hindlimb unloading (i.e., 90 days, Boyle
and Varelas, 2021) vs. 160 days (Zhang et al., 2005). Accordingly,
taken together these findings suggest that the otoconial mass
adapts to fluctuations in the gravitational stimulus to maintain a
consistent force on the maculae in astronauts during space flight.
Future work will be required to fully understand the detailed time
course of these changes.

The vestibular receptor cells in all mammalian end organs,
including the otoliths, are called hair cells and are divided into
two subtypes (Figure 1, left panel). These subtypes, termed type
I and type II hair cells, occur in nearly equal ratios. Type I hair
cells are defined by the presence of calyceal afferent innervation,
while in contrast Type II hair cells synapse upon discrete bouton
afferent terminals (Figure 1, left panel; reviewed in Cullen, 2019).
Intriguingly, prolonged exposure to microgravity (>7 days) also
appears to primarily impact the structure of type II hair cells
(Ross, 1993, 1994, 2000). For example, ultrastructural analysis
has demonstrated statistically significant increases in the number
of type II utricular hair cell synapses in mice after a 9-day space
flight (Ross, 1994). After 2 weeks in microgravity, an increase in
the mean number of presynaptic processes ending on the calyces
of type I cells has also been reported (40%; Ross and Tomko,
1998). A more recent study interestingly reported a reduction,
rather than increase, in the synapse densities of the hair cells in
the mouse utricle following 15 days of exposure to microgravity
(Sultemeier et al., 2017). While differences in the approach used
by Ross et al. (1985; electron microscopy) vs. Sultemeier et al.
(2017; immunohistochemistry) complicate direct comparison,
taken together the results of these studies suggest that vestibular
hair cells, at least in rodents, can demonstrate adaptative changes
in response to altered gravity. These peripheral adaptative
changes, combined with those occurring at subsequent stages
of vestibular processing (detailed below), likely contribute to
the changes in utricular function that have been reported
in astronauts immediately after returning from space flight
(Hallgren et al., 2016; Reschke et al., 2018).

Finally, following exposure to microgravity, changes have
also been reported at the next stage of peripheral vestibular
processing, namely in the vestibular nerve afferents. Initially after
enteringmicrogravity both the baseline activities and sensitivities
of otolith afferents substantially increase (reviewed in Clément
et al., 2020). This finding is consistent across all non-mammalian
animal models that have been tested (toadfish: Boyle et al.,
2001; bullfrog: Gualtierotti and Alltucker, 1967; Gualtierotti and
Bailey, 1968; Bracchi et al., 1975; Gualtierotti, 1977). Otolith
afferent baseline activities and sensitivities then appear to return
to control levels after ∼5 days (Bracchi et al., 1975) and/or
24 h after returning to the ground (Boyle et al., 2001). It has
been proposed that this initial hypersensitivity of otolith afferents

induced by microgravity is due to presynaptic adjustment of
synaptic strength in the hair cells reviewed above (Ross, 2000).

To date it remains unknown whether vestibular afferent
sensitives likewise change during the first days of space flight
in mammals. Afferent recordings were made in monkeys after
12 and 14 days of flights during two COSMOS missions
(COSMOS 2044 and COSMOS 2229, respectively). However,
these two missions reported contradictory findings (increased
vs. decreased gains relative to pre-flight levels; Correia et al.,
1992; Cohen et al., 2005). Indeed, given the inherent variability
of monkey afferent response gains (Sadeghi et al., 2007; Massot
et al., 2011; Jamali et al., 2019), the low numbers of afferents
recorded in each study were likely not sufficient to make a
pre-post flight comparison. In this context, it is important to
note that the vestibular efferent system does not appear to play
a significant role in the short-term adaptation of afferent coding
in mammals as it does in lower vertebrate species (reviewed in
Cullen and Wei, 2021). Thus, how microgravity influences the
responses of vestibular afferents in mammals remains an open
question.

Central Vestibular Processing
Vestibular afferents target neurons in the vestibular nuclei
comprise the first stage of central vestibular processing. Most
vestibular nuclei neurons integrate inputs from both otolith and
canal afferents (reviewed in Goldberg et al., 2012; Cullen, 2019).
Single unit recordings have been made from the vestibular nuclei
of rhesus monkeys on several Russian ‘‘Cosmos/Bion’’ Missions
between the Bion 6 (Cosmos 1514) through Bion 11 projects. The
findings of these studies are detailed in ‘‘Final Reports’’ submitted
by investigators to Russia’s Institute of Biomedical Problem, as
well as in some published reports (reviewed in Cohen et al.,
2005: Sirota et al., 1984, 1986, 1987, 1988a,b, 1989a,b, 1990a,b,c,
1991a,b,c; Shipov et al., 1986; Sirota, 1988; Kozlovskaya et al.,
1989, 1991, 1994; Yakushin et al., 1989, 1990, 1992; Badakva et al.,
1993). Overall, investigators reported increases in the sensitivities
of vestibular nuclei neurons to both linear and rotational head
motion during the first days of space flight, with a subsequent
return to normal (reviewed in Cohen et al., 2005). This finding
was surprising given that microgravity affects the linear forces
sensed by the otolith but not the rotations sensed by the canals
(Cohen et al., 2005). Notably, neural sensitivities to linear head
motion reached a maximum by the end of the first week in space
while neural sensitivities to rotational head motion increased
only within the first days of flight and then returned to normal
levels within this same time frame.

The effect of microgravity on vestibular nuclei activity has also
been studied by quantifying the expression of the early gene c-
fos, which is a neural activity marker. For example, in ground-
based models, galvanic stimulation and centripetal acceleration
lead to increases in Fos immunoreactivity in the vestibular
nuclei (Kaufman et al., 1992a,b; Kaufman and Perachio, 1994).
Experiments done in space have likewise reported increased Fos
expression in the vestibular nuclei of rats (particularly the medial
and descending vestibular nuclei) 24 h postlaunch. Increased
Fos expression has also been observed following return from
a 17-day mission (Pompeiano et al., 2002). In contrast, Fos
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FIGURE 1 | Neurophysiological short- (<7 days) and long (>7 days) term- adaptation to microgravity and ground-based model. Upper left panel: the mass of the
otoconia increases following short-term exposure to microgravity (Vinnikov Ia et al., 1980; Ross et al., 1985; Lychakov et al., 1989). This increase in mass is assumed
to be maintained as long as there is no change in the gravitational environment. The opposite phenomenon occurs in hypergravity (decrease in mass; Krasnov, 1991;
Pedrozo and Wiederhold, 1994; Anken et al., 1998; reviewed in Cohen et al., 2005). To date, however, the time course is unknown since testing was only done after
long-term centrifugation (>24 days). Middle left panel: After 7–9 days in microgravity, type II vestibular hair cells increase in size and number (Ross, 1993, 1994,
2000). Then after 2 weeks in microgravity, the number of type I cells increases as well (Ross and Tomko, 1998). In hypergravity, only type II hair cells show a significant
decrease in number (e.g., following 14–30 days of centrifugation; Lychakov et al., 1989; Ross, 1993). Bottom left panel: Immediately after entering microgravity,
studies across species have reported increases in vestibular afferent baseline activity and sensitivity (Gualtierotti and Alltucker, 1967; Gualtierotti, 1977; Boyle et al.,
2001). However, when considered alone, studies in NHPs have been inconclusive as some report increases and other report decreases in sensitivity (Correia et al.,
1992; Cohen et al., 2005). After 5 days in microgravity, vestibular afferent responses return to ground levels (Bracchi et al., 1975; Boyle et al., 2001). On earth,
1 month after complete unilateral vestibular lesion, afferent responses in the intact nerve remain comparable to control levels (Sadeghi et al., 2007, 2010, 2011,
2012). Bottom right panel: Across animal models, the sensitivities of vestibular nuclei neurons initially increase in microgravity and then return to baseline levels after a
week (Pompeiano et al., 2002; Cohen et al., 2005). On earth, following labyrinthectomy, vestibular nuclei neurons that normally only respond to vestibular input before
lesion, show the emergence of responses to extravestibular inputs (efference copy, proprioception) after lesion (Sadeghi et al., 2007, 2010, 2011, 2012). During
sensory-motor adaptation, vestibular neurons update their response to altered sensory feedback (Brooks and Cullen, 2014; Brooks et al., 2015; Mackrous et al.,
2019). Top right panel: The cerebellum displays synaptic reorganization as early as 24 h following the transition to microgravity, which remains for at least 18 days
(Holstein et al., 1999). On earth, following labyrinthectomy, cerebellar neurons lose their ability to discriminate between tilt and translation (Yakusheva et al., 2007).

expression levels were comparable to control levels 13 days
postlaunch and at 13 days postlanding, consistent with adaption
occurring over time in response to altered gravity. Interestingly,
while Fos expression was unchanged in autonomic regions
that have been linked to motion sickness postlaunch (i.e., area

postrema and nucleus tractus solitarius), significant increases
were observed in these areas 24 h after landing (Pompeiano et al.,
2004).

The vestibular afferents and vestibular nuclei both send
direct projections to the caudal vermis of the cerebellum. In

Frontiers in Neural Circuits | www.frontiersin.org 5 November 2021 | Volume 15 | Article 760313

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Carriot et al. The Vestibular System in Space

particular, the cerebellar nodulus receives significant input from
vestibular otolith afferents. Ultrastructural changes in Purkinje
cell dendritic morphology and/or the synaptic organization of
their mossy fiber inputs have been reported when measured
during 5–18 days of space flight (Krasnov and D’iachkova,
1986; Krasnov and Dyachkova, 1990). Similar changes are
observed in nodular mossy fiber terminals. Additionally, major
changes occur in the Purkinje cell cytoplasm within 24 h,
including enlargement of the cisterns of the smooth endoplasmic
reticulum, formation of long, stacked lamellar bodies, and the
presence of degeneration (Holstein et al., 1999). Based on the
last of these structural alterations, it has been proposed that
excitotoxicity may play a role in the short-term changes in neural
responses that are observed during space flight (Cohen et al.,
2005).

Taken together, the findings of space-based experiments in
central pathways demonstrate that the loss of otolith loading in
microgravity (or reestablishment of loading following retry) leads
to an increase in the sensitivity of vestibular pathways followed
by adaptation over time. Below we consider the implications
of ground-based research for providing insight into the neural
mechanisms that underlie the sensorimotor adaptation required
to ensure postural and perceptual stability, as well as the ability to
generate accurate movements after exposure to altered gravity.

WHAT ARE THE IMPLICATIONS OF
GROUND-BASED MODELS FOR
UNDERSTANDING HOW THE VESTIBULAR
SYSTEM ADAPTS TO MICROGRAVITY

The Vestibular Cerebellum and
Computation of Head Orientation Relative
to Gravity
As reviewed in ‘‘Gravity Is Important on Earth: Posture,
Perception, and Behavior’’ section above, there is consensus
that the brain builds an internal model of the expected sensory
consequence of our own actions (Wolpert et al., 1998; Wolpert
and Ghahramani, 2000). During self-motion, this internal model
is required for the maintenance of posture, accurate spatial
orientation, and the generation of precise voluntary movement.
The otoliths, like any inertial sensor (i.e., accelerometer),
cannot distinguish forces produced by changes in the head’s
orientation relative to gravity from those produced during
translational self-motion. Thus, to compute a real time estimate
of the head’s orientation relative to gravity on earth, the
brain integrates rotational head motion information from the
semicircular canals with otolith signals (reviewed in Goldberg
et al., 2012). Ground-based single-unit recording experiments in
head-restrained monkeys have shown that some Purkinje cells
in the nodulus/uvula of the caudal vermis integrate otolith and
semicircular canal inputs during passively applied self-motion to
provide an estimate of current head orientation relative to gravity
(reviewed in Angelaki and Cullen, 2008). Further, with the loss
of canal input (i.e., via canal plugging) these same neurons
lose their ability to discriminate between changes in the head’s
orientation relative to the gravity and linear head acceleration

(Yakusheva et al., 2007). This finding has led to the proposal that,
on earth, the vestibular cerebellum computes internal models of
the physical laws of motion to provide an estimate of the head’s
orientation relative to gravity (reviewed in Goldberg et al., 2012).

Cerebellar Prediction of the Dynamic
Sensory Consequences of Gravity During
Active Motion
More recently, single-unit recording experiments have further
demonstrated that cerebellum-based mechanisms cancel the
sensory consequences of gravity during active head movements
(Mackrous et al., 2019). The activity of individual cerebellar
output neurons was recorded while monkeys actively reoriented
their heads relative to gravity. Strikingly, the robust vestibular
responses displayed by neurons to the passive head motion
were canceled during comparable active head movements.
Indeed, such cancellation is required to maintain accurate
postural control and perceptual stability. For example, on
earth, vestibulo-spinal reflexes are vital to ensuring postural
stability in response to unexpected changes in the head’s
orientation; they send compensatory motor commands to the
neck and axial/appendicular muscles that stabilize posture
relative to space. However, when the same head motion is
actively generated, these compensatory reflex responses are
counterproductive because they would oppose the intended
voluntary behavior through space. Indeed, during active
movements, this cerebellum-based mechanism suppresses
vestibulo-spinal reflex pathways during active movement
relative to gravity (Mackrous et al., 2019).

It then follows that in space flight, following the transition
to microgravity, both active and passive head movements will
produce different (i.e., reduced) otolith afferent input compared
to what they would produce on the ground. Notably, head
tilts will continue to activate semi-circular canal but not otolith
afferents. Thus, the brain experiences a mismatch between its
expectation (internal model) of the resulting sensory feedback
and actual sensory feedback that is experienced during head
movements. During active movements, the initial mismatch
between expected and actual otolith input will likely result
in higher modulation in neurons in the vestibular nuclei as
compared to earth. Over time, however, we speculate that
cerebellum-based mechanisms underlie the ability to adapt to
such mismatches and update the brain’s internal model to
account for the new relationship between expected and actual
sensory vestibular input that exists in microgravity.

Indeed, to date, such cerebellum-based adaptation has been
demonstrated in ground-based experiments where a resistive
load was applied to a monkey’s head while it generated
voluntary head movements (e.g., Brooks et al., 2015). Because
the application of the load initially altered the relationship
between the motor command to move the head and its actual
movement, the resultant vestibular sensory feedback was less
than expected. Thus, initially, there was a mismatch and
vestibular responses were not canceled during active head
movements. However, cerebellar output neurons then show trial-
by-trial adaptation to the new sensorimotor constraints after
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many active head movements—until there was again a match
between the expected and actual sensory feedback. Once the
internal model was updated and there was a match between
actual and expected sensory feedback, vestibular responses were
again canceled during active head movements. This finding
has direct implications for behavior, since these cerebellar
output neurons send descending projections to vestibular nuclei
neurons that mediate vestibulo-spinal reflexes. Given that these
reflexes are essential for maintaining posture and balance, the
brain’s ability to adapt its descending commands to account
for changes in the environment is essential. We propose that
a similar cerebellum-based mechanism accounts for adapting
to learning a new match between expected and actual sensory
consequences of gravity when an astronaut is initially exposed
to microgravity or returns to the ground following sustained
exposure to microgravity.

Additionally, over longer time periods in microgravity,
vestibular pathways are also likely to reweight this extra-
vestibular information to compute more reliable estimates
of head orientation. Prior ground-based studies in monkeys
following peripheral vestibular loss have insights into the
neural mechanisms that underlie the re-weighting of sensory
information when vestibular information becomes less reliable
(Sadeghi et al., 2010, 2011, 2012; Jamali et al., 2014). Notably,
in normal rhesus monkeys (and presumably humans), central
pathways do not integrate vestibular and proprioceptive signals
at the level of the vestibular nuclei; vestibular nuclei neurons
are insensitive to passively applied stimulation of proprioceptors.
Instead, the integration of vestibular and proprioceptive only
occurs at the next levels of vestibular processing, for example in
the rostral fastigial nucleus of the cerebellum (Brooks and Cullen,
2009; Brooks et al., 2015) and vestibular thalamus (Marlinski and
McCrea, 2008; Dale and Cullen, 2015). Surprisingly, however,
following a peripheral vestibular loss, vestibular nuclei neurons
demonstrate strong responses to passively applied stimulation of
proprioceptors, suggesting that a form of homeostatic plasticity
compensates for the reduced reliability of the vestibular input
(Sadeghi et al., 2010, 2011, 2012).

Thus, the dynamic re-weighting of inputs from different
modalities (i.e., extravestibular vs. vestibular) is observed even
at the first stage of central processing in the vestibular
nuclei following a peripheral vestibular loss. At least two
types of extravestibular inputs substitute for the lost vestibular
input: (1) proprioception; and (2) motor efference copy
signals. Initially, robust responses to passive stimulation of
neck proprioceptors are rapidly unmasked (within 24 h) and
are linked to the compensation process as evidenced by
faster and more substantial recovery of the resting discharge
in proprioceptive-sensitive neurons (Sadeghi et al., 2010).
Over the long term, efference copy signals also contribute
to neuronal responses such that the efficacy of vestibular
pathways is enhanced for active vs. passive self-motion (Sadeghi
et al., 2010, 2011, 2012). Such re-weighting of extra-vestibular
information in early vestibular pathways is also likely to
occur in microgravity, where otolith organs are unloaded
and thus are no longer stimulated as they would be on
earth. We speculate that these results have implications for

better understanding compensation and adaptation to vestibular
functional disruption. Consistent with this proposal, recent MRI
studies in astronauts pre- vs. post-flight have provided evidence
for vestibular/proprioceptive sensory re-weighting and adaptive
neuroplasticity at higher levels of processing in the cortex
(Hupfeld et al., 2021).

Indeed, there is evidence from both space- and ground-based
studies that such extra-vestibular sensorimotor feedback can
rapidly influence the online processing of vestibular information
for the control of balance (Marsden et al., 2003) and locomotion
(Mulavara et al., 2012; Forbes et al., 2017). Additionally, we note
that vision provides important ‘‘extra-vestibular’’ information
about self-motion and spatial orientation, as was elegantly
demonstrated by the ‘‘visual reorientation illusion’’ experiments
of Howard and colleagues (e.g., Howard and Hu, 2001;
Jenkin et al., 2003). Future experiments focused on the neural
mechanisms responsible for the reweighing of extra-vestibular
and vestibular information following exposure to altered gravity
are required to fully understand the mechanisms responsible for
the changes observed in astronaut performance/strategies during
space flight.

In summary, we propose that the results of recent ground-
based studies of the neural mechanisms underlying sensorimotor
adaptation provide important insights into the central changes
that occur in the brains of astronauts before and after space
exploration missions.

CONNECTING THE DOTS BETWEEN
GROUND- AND SPACE-BASED
NEUROPHYSIOLOGICAL STUDIES OF
VESTIBULAR PATHWAYS AND THEIR
COMPENSATION

Above, we reviewed the results of space-based research that
have revealed significant modifications in the cellular and
subcellular structure of the vestibular pathways at multiple levels
(Figure 1)—from the vestibular periphery (increase in the mass
of the otoconia, initial hypersensitivity of otolith afferents) to
the cerebellum (changes in Purkinje cell dendritic/synaptic
morphology). On earth, two key ground-based models:
(i) vestibular peripheral lesion (e.g., labyrinthectomy); and
(ii) sensorimotor adaptation have proven essential to our
fundamental understanding of the adaptive capacity of vestibular
pathways and neural mechanisms that underlie this adaptation.

First, the results of ground-based single unit studies using
vestibular peripheral lesions have been essential to furthering
our knowledge of how central mechanisms compensate for the
sustained reduction in vestibular input. Following unilateral
labyrinthectomy, peripheral afferent responses in the intact
nerve (i.e., the contralesional nerve) are comparable to control
levels when recorded >1 month after lesion (Sadeghi et al.,
2007). As reviewed in ‘‘What Are the Implications of Ground-
Based Models for Understanding How the Vestibular System
Adapts to Microgravity’’ section above, long-term compensation
following vestibular peripheral lesion is mediated by ‘‘central
strategies’’ based on the re-weighting of extra-vestibular inputs
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and updating of internal models. Likewise, as reviewed in
‘‘Our Brains Are Wired to Keep Track of Gravity: What
Happens to the Vestibular System in Space’’ section above,
in nonmammalian species peripheral afferent responses are
comparable to control levels after 5 days in space (Bracchi
et al., 1975) and 24 h after returning to the ground (Boyle
et al., 2001). Thus, this latter result in nonmammalian species
is similar to what has been observed in the intact nerve
following unilateral labyrinthectomy in ground-based studies of
primates. Nevertheless, future studies will be required to establish
whether and how the sensitivities of mammalian vestibular
afferent sensitives initially change during the first days of space
flight.

Second, the findings of ground-based single unit studies
of sensorimotor adaptation have provided additional insights
into the adaptive capacity of central vestibular pathways that
have important implications for space flight. As reviewed
above, central vestibular neurons and cerebellar output neurons
demonstrated trial-by-trial updating of altered sensory feedback
during active head rotations (Brooks et al., 2015; Cullen and
Brooks, 2015). These experiments establish the neural correlate
for a cerebellum-based forward model that computes an estimate
of the sensory consequences of voluntary motion (Brooks et al.,
2015). Additionally, recent experiments have further made the
important discovery that this forward model also continually
accounts for the sensory consequences of gravity during active
motion (Mackrous et al., 2019). Thus we predict that, during
space flight and then again following landing, these same
cerebellar output neurons show comparable updating to account
for changes in the force of gravity.

Together, these findings suggest that the design of more
effective countermeasures to maintain crew health and
performance could be obtained by optimizing exercises that
accelerate these early stages of compensation (i.e., sensory
re-weighting and the updating of internal models). Further,
reports of improved posture and locomotion after re-entry for
more experienced astronauts (e.g., number flights; Bloomberg
et al., 1997; Moore et al., 2006) suggest that experience influences
the ability to rapidly update a vestibular based internal model
and has interesting implications for the design of pre-flight
training regimes. Future work coupling neuronal recordings
with vestibular peripheral lesion and sensorimotor adaptation
as well as other established ground-based models, such as
centrifugation, will likely provide additional insight into the
neural mechanisms that underlie and potentially facilitate
adaptation during space flight.

CONCLUSIONS

Most astronauts experience motor and perceptual impairments
as well as motion sickness during the first 3–4 days of both
space flight and then again after returning to earth (Lackner and
Dizio, 2006). As we reviewed above, there are many reasons to
believe that such symptoms occur due to a mismatch between
the brain’s internal model of the expected sensory consequences
of active behaviors and the actual sensory reafference that is
experienced. Most notably, changes in the force of gravity

alter the sensory input from the vestibular system, because the
absence of gravity results in an unloading of the otoliths during
space exploration, and then the reloading of the otoliths again
upon re-entry. Such marked changes in otolith input initially
produce a mismatch between the brain’s expectation of sensory
consequence of head motion and that which is experienced.
Accordingly, many flight-based experiments have investigated
how the vestibular sensory organs as well as central vestibular
neural pathways respond and adapt to the transition from gravity
to microgravity and vice versa. For example, increased otoconial
mass and hair cell numbers are observed following a week
in microgravity, as are central changes in the brainstem and
cerebellum. Correspondingly, opposite trends are observed upon
re-entry.

Importantly, such space-based investigation has been
furthered by single unit studies using ground-based
models—including labyrinthectomy and sensorimotor
learning—in which the relationship between expected and
actual vestibular input is systematically altered. The results of
these ground-based experiments suggest that the brain uses two
key strategies to adapt to altered gravity: (i) the updating of a
cerebellum-based internal model of the sensory consequences of
gravity; and (ii) the re-weighting of extra-vestibular information
as the vestibular system becomes less (i.e., entering microgravity)
and then again more reliable (i.e., return to earth). Both
strategies have rapid time courses, with the updating of a
cerebellum-based model of the sensory consequences of gravity
occurring over a few movements (Brooks et al., 2015; Mackrous
et al., 2019), and significant sensory re-weighting occurring
within 24 h and stabilizing after ∼5 days (Sadeghi et al., 2010,
2011, 2012). Strikingly, it is during this time window that
astronauts display motion sickness (reviewed in Carriot et al.,
2015). Accordingly, we propose that further advancing our
knowledge of the neural mechanisms that mediate adaptation
will have important implications for understanding how to
optimize training programs that account for the environmental
challenges of astronauts before and after space exploration
missions. Finally, we note that multiple factors (e.g., changes
in plasma volume, heart rate, maximal muscle power, etc.) in
addition to altered vestibular input ultimately contribute to
impact crew performance during space flight. Understanding
the interactions between changes in vestibular input and these
additional stressors and their impact on astronaut performance
will be an important direction for future research.
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