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ARTICLE INFO ABSTRACT

Keywords: Artificial gravity is a potential countermeasure to attenuate effects of weightlessness during long-term space-
As.trona“t' flight, including losses of muscle mass and function, possibly to some extent attributable to disturbed neuro-
M1crograv1ty muscular interaction. The 60-day AGBRESA bed-rest study was conducted with 24 participants (16 men, 8
ls);ztseilight women; 33 + 9 years; 175 + 9 cm; 74 + 10 kg; 8 control group, 8 continuous (cAG) and 8 intermittent (iAG)

C-terminal agrin fragment centrifugation) to assess the impact of bed rest with or without daily 30-min continuous/intermittent centrifu-
BDNF gation with 1G at the centre of mass. Fasting blood samples were collected before and on day 6, 20, 40 and 57
during 6° head-down tilt bed rest. Concentrations of circulating markers of muscle wasting (GDF-8/myostatin;
slow skeletal muscle troponin T; prostaglandin E2), neurotrophic factors (BDNF; GDNF) and C-terminal Agrin
Fragment (CAF) were determined by ELISAs. Creatine kinase activity was assessed by colorimetric enzyme assay.
Repeated-measures ANOVAs were conducted with TIME as within-subject, and INTERVENTION and SEX as
between-subject factors. The analyses revealed no significant effect of bed rest or sex on any of the parameters.
Continuous or intermittent artificial gravity is a safe intervention that does not have a negative impact of the

neuromuscular secretome.

1. Introduction

Artificial gravity generated by human centrifugation is a potential
countermeasure to mitigate the effects of weightlessness during long-
term space missions [1-4]. Human centrifugation can be applied in a
continuous or intermittent fashion. The efficacy of both alternatives has
not yet been directly compared in a long-term bed-rest study. In a 5-day
bed-rest study, intermittent centrifugation with 1G at the centre of mass
was better tolerated than continuous centrifugation and was associated
with lower adrenocortical stress responses [5] and attenuated re-
ductions in orthostatic intolerance [6] compared to continuous centri-
fugation. In contrast to these positive effects of human centrifugation,
neither continuous nor intermittent centrifugation counteracted
bed-rest-induced changes in cardiac function [7] and the catabolic ef-
fects on muscle and bone metabolism [8]. However, in a 21-day bed-rest
study, daily exposure to 1 h of continuous artificial gravity with 2.5 G at
the feet, similar to 1 G at the centre of mass, had a small attenuating
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effect on losses in muscle mass and function, possibly mediated by a
blunted increase in muscle myostatin content [9] and preserved rates of
muscle protein synthesis [10]. It remains to be seen whether the atten-
uated bed-rest-induced atrophy after 21 days, but not after 5 days, is
related to the duration and hence more accentuated after a long period
of bed rest.

Deconditioning of the neuromuscular system, characterized by
muscle weakness, is one of the major physiological responses to
microgravity during long-term space missions and in bed rest [11-16,
63,65]. While muscle weakness during disuse is largely attributable to
muscle atrophy, the contribution of an impaired motor drive may be an
important factor for the loss of muscle strength, particularly during the
early stages of disuse. Such impaired activation capacity may be the
consequence of disuse-induced remodelling of the neuromuscular
junctions (NMJ) [17] as an adaptation to the reduced number of nerve
impulses reaching the motor end plate [18]. This adaptation of the NMJ
can impair postsynaptic signal transduction and cause defects in the
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excitation-contraction coupling [66]. The affected post-synaptic sig-
nalling can in turn activate apoptosis and proteolysis, and impair the
regenerative potential of the muscle [19-21]. Neurotrophins and neu-
rotrophic factors play an important role in maintaining the integrity of
the NMJ [18,22,23]. Disuse-induced problems with neurotransmission
and synaptic vesicle recycling may well be a consequence of a reduction
in the levels of these circulating factors. It has been found that the
circulating [24,25] and muscle [26-28] expression levels of some neu-
rotrophic factors correlate positively with the extent of muscle loading.
For example, in muscle the expression of glial cell line-derived neuro-
trophic factor (GDNF), important for maintenance of the NMJ [26,27],
was markedly decreased with hind limb suspension and increased with
exercise [28]. Daily treadmill exercise increased serum levels of GDNF
and Brain Derived Neurotrophic Factor (BDNF) in rats undergoing pe-
ripheral nerve repair after nerve transection [25]. In line with these
rodent studies, the bed-rest-induced increase in BDNF in old, but not
young people, was suggested to be a neuroprotective response [29,30].
In addition to neuroprotection, the concomitant increase in circulating
BDNF after muscle-damaging exercise and satellite cell activation [31]
suggests that BDNF also facilitates muscle recovery from damage.
Although no significant change in BDNF has been observed in young
participants after 14 days of bed rest [29,30], it is possible that
bed-rest-induced decrements in BDNF occur later in younger than older
people and can be prevented by human centrifugation.

C-terminal Agrin Fragment (CAF) blood levels are suggested to be a
biomarker for NMJ fragmentation and are used as a clinical marker for
the progression of sarcopenia [32-34]. Elevated levels of the synaptic
protease neurotrypsin cause a loss of NMJ integrity by fragmentation of
agrin into the soluble 22 kDa C-terminal Agrin Fragment that can lead to
muscle wasting [35,36]. CAF levels have not been previously reported
for bed rest or spaceflight, but are expected to rise in case of NMJ
fragmentation during spaceflight and bed rest.

With regards to markers of muscle wasting, Creatine kinase and slow
skeletal muscle troponin T are well-known makers and have been re-
ported to be elevated in immobilization [37]. In addition, urine levels of
prostaglandin E2 were decreased during Space Shuttle flights [38] and
muscle myostatin levels were increased after 84 days of bed rest [39]. In
a recent study on mice that spent 33 days on the International Space
Station, it was shown that systemic inhibition of myostatin/activin A
signalling led to increases in both muscle and bone mass, with compa-
rable effects in ground and flight mice [40]. The myostatin signalling
pathway is thus a potential target for the development of medications to
serve as a countermeasure to muscle and bone loss. While the muscle
levels of myostatin were elevated during bed rest, this was prevented by
concomitant flywheel exercise [39], but nothing is known about the
circulating levels of myostatin and the potential impact of human
centrifugation.

To gain insight into the possible factors that affect the neuromuscular
integrity during human centrifugation in a long-term bed-rest study we
measured the time course of bed-rest-induced changes in neurotrophic
factors, markers of muscle wasting and NMJ fragmentation. We hy-
pothesized that bed rest is accompanied by transient changes in the
levels of circulating neurotrophic factors, circulating markers of muscle
wasting and C-terminal Agrin Fragment that are attenuated by inter-
mittent and continuous artificial gravity.

2. Methods
2.1. Ethical approval

The study was approved by the IRB of North Rhine Medical Associ-
ation (Arztekammer Nordrhein, application number 2018143) in Diis-
seldorf, Germany, the IRB of Hospital Maastricht, The Netherlands
(application number NL68345.068.18/METC 19-001), and by the IRB
of NASA’s Johnson Space Center, Houston, Texas, USA. It was registered
in the German Clinical Trials Register (DRKS-ID: DRKS00015677).
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2.2. Experimental design

The Artificial Gravity Bed Rest - European Space Agency
(AGBRESA) study was a joint project of the European Space Agency
(ESA) and the National Aeronautics and Space Administration (NASA).
It was conducted at the German Aerospace Centre in Cologne, Germany,
between March and December of 2019 in two campaigns with 12 par-
ticipants each. The twenty-four healthy individuals (16 men, 8 women;
33 + 9 years; 175 + 9 cm; 74 + 10 kg) spent three months in the
‘Envihab’ facility, with 15 days baseline data collection (BDC-15 to BDC-
1), 60 days of 6° head-down tilt bed rest (HDBR, HDT1-HDT60) and 14
days of recovery (R+0 to R+13) (Fig. 1). Sixteen (10 men, 6 women) of
the participants were exposed to 30 min of daily human centrifugation
and the other eight (6 men, 2 women) were in bed the entire time,
serving as a control group. Participant characteristics are shown in
Table 1.

Two modes of artificial gravity were compared: eight participants
received human centrifugation in one continuous 30-min bout (n = 8; 5
men and 3 women), and the other eight were exposed to 6 x 5-min
intermittent bouts with 3-min breaks in between bouts (n = 8; 5 men
and 3 women). Participants were pseudo-randomly assigned to groups
for the first campaign, while for campaign 2 assignment aimed at de-
mographic balancing of groups, as three women and one man dropped
out and were subsequently replaced during the second campaign.

Each participant attended an information event, received a complete
description of the experimental methods and study setup, and passed the
medical and psychological testing. Medical screening for selection was
similar to previous ESA HDBR studies [41]. In addition, participants had
to pass a centrifuge tolerance test. All participants were informed about
their right to withdraw from the study at any time.

2.3. Head-down bed rest (HDBR)

Bed rest was performed in 6° HDBR in accordance with the Inter-
national Guidelines for Standardization of bed-rest studies in the
spaceflight context [https://www.nasa.gov/sites/default/files/atoms/
files/bed_rest studies_complete.pdf]. The day-night cycle included
wake-up at 06:30 a.m. and lights-out at 22:00 p.m. During the HDT
period, video-surveillance was applied to enforce strict bed rest, and all
activities had to be conducted in the HDT position without a pillow
(hygiene, toilet, reading, eating etc.). While remaining in 6° HDT, par-
ticipants were allowed to turn over, ensuring one shoulder was in con-
tact with the bed at all times. During the ambulatory and rehabilitation
periods, the participants were not authorized to leave the research fa-
cility or receive visitors. Leisure activities such as reading, playing
games or using computers were permitted. Daytime sleeping or napping
was not allowed.

2.4. Application of short-arm centrifugation

Continuous medical monitoring by physicians was conducted to
ensure participant safety. The time-of-day for centrifugation was
randomly assigned on a day-to-day basis. Participants were transferred
to the centrifuge on a specific gurney to make sure the —6° HDT position
was maintained during transport. They were asked to roll over to the
centrifuge without using their leg muscles. During centrifugation, par-
ticipants were exposed to 1 G at their estimated centre of mass. The
direction of centrifugation was alternated to ensure similar loading of
both legs. Participants were instructed to stay calm, to not move their
head and to keep their leg muscles relaxed. In case of low blood pressure,
they were instructed to use the muscle pump in a way that was previ-
ously shown to them, without bending the knees. During a centrifuge
run, the acceleration occurred at 5°-s~2 for 32-33 s until the individual
target rotation speed was reached, depending on the body size. Rotation
at constant velocity then lasted either 30 min (continuous centrifuga-
tion) or 5 x 6 min, with 3-min rest periods (intermittent centrifugation).


https://www.nasa.gov/sites/default/files/atoms/files/bed_rest_studies_complete.pdf
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BDC-1 HDT6 HDT20 HDT40 HDT57
14 days L l l 60 days l J | 14 days
BASELINE DATA | 6° HEAD-DOWN TILT BEDREST I RECOVERY
T COLLECTION I
Participant Start of —_— End of Participant
enters study bedrest time bedrest leaves
facility period period facility

Fig. 1. Time schedule of each of the two campaigns. The time points of the blood draws for the present paper are highlighted in red.

Table 1

Participant characteristics at baseline; averages and standard deviations. 'One-way ANOVA; *Chi-square test.

Variable Control group Continuous artificial gravity Intermittent artificial gravity Group difference p values
N 8 8 8

Age (years) 323+7.4 33.5+10.9 34.0 +10.1 0.932'
Sex 6 men, 2 women 5 men, 3 women 5 men, 3 women 0.829*
Height (cm) 177 £ 7 172+ 8 174 + 11 0.598'
Body mass (kg) 79.4 +12.7 71.8 +£10.2 71.4 + 4.5 0.203'
Body mass index (kg/m?) 25.2+26 240+ 1.7 236+ 1.6 0.273'
Markers of muscle wasting

Myostatin (ng/ml) 3.19 +1.03 3.47 £ 1.15 3.28 £ 0.75 0.840'
Slow Skeletal Muscle Troponin T (ng/ml) 0.88 + 0.06 0.95 +0.11 0.84 + 0.09 0.071'
Creatine Kinase (mU/mL) 19.8 +10.8 20.5 £ 14.8 25.7 £ 9.3 0.557*
Prostaglandin E2 (ng/ml) 1.43 £ 0.22 1.44 +0.29 1.34 £ 0.21 0.672!
Neurotrophic factors

BDNF (ng/ml) 417 + 204 573 + 246 477 + 236 0.360"
GDNF (ng/ml) 69.3 £+ 69.9 296.8 + 371.6 87.8 £121.2 0.136
NMJ integrity

C-terminal Agrin Fragment (pg/ml) 129.2 + 209.3 343.7 £ 507.5 64.5 + 26.7 0.210'

At the end of each run, deceleration was at 5°-s~2

had come to a complete stop.

until the centrifuge

2.5. Analyses

Fasting blood samples were collected on BDC-1, HDT6, HDT20,
HDT40 and HDT57 always at the same time before breakfast. The blood
was centrifugated and the aliquoted serum stored at —80 °C. The
following serum parameters were determined in triplicates with the
named commercially available detection kits.

1. GDF-8/Myostatin by the Quantikine ELISA of R&D (DGDF80)

2. Slow skeletal muscle Troponin T by TnTs ELISA KIT of RayBiotech
(ELH-TroponinT)

3. Creatine kinase activity by the colourimetric assay of Abcam
(ab155901)

4. Prostaglandin E2 using the PGE2 high sensitivity ELISA Kit of Abcam
(ab133055)

5. Brain derived neurotrophic factor by the ELISA Kit of RayBiotech
(ELH-BDNF)

6. Glial cell line-derived neurotrophic factor by the DuoSet ELISA kit of
R&D (DY212)

7. C-terminal  Agrin
(MBS7606926)

Fragment ELISA Kit of MyBioSource

All analyses were conducted according to the instructions by the
manufacturer. The data from the plate reader were further processed
using GraphPad Prism version 8.3.4 to compute serum concentrations or
activity (creatine kinase) from the absorption values.

2.6. Statistical analysis

Normal distribution of data was tested by the Kolmogorov-Smirnov
and Shapiro-Wilk tests. Due to non-normality, the data was trans-
formed for troponin T (log10), BDNF (1/x), GDNF (log10) and CAF (1/x)

before conduction of further statistical analyses. To assess participant
characteristics at baseline for differences in age, sex (chi-squared test),
height, and weight between groups a one-way ANOVA was used.
Repeated-measures ANOVA was used to determine the changes in
Myostatin, Troponin T, Creatine kinase, PGE2, BDNF, GDNF and CAF at
HDT6, HDT20, HDT40 and HDT57 compared to BDC-1, with TIME as a
within-participant factor and INTERVENTION and SEX as between-
subject factors. AGE was added as a covariate. TIME*AGE, TIME*-
INTERVENTION and TIME*SEX interactions were also determined.
Post-hoc tests used a Bonferroni correction to account for testing of
multiple pairs. Significance was defined as p < 0.05.

3. Results

All blood samples were successfully obtained and processed as
planned. At baseline, there was no significant difference between groups
(Table 1). The analyses revealed no significant differences between men
and women, and no significant effects of bed rest or the interventions on
any of the measured parameters. In detail, the following findings were
obtained.

3.1. Circulating markers of muscle wasting

Fig. 2 shows the time courses of the serum levels of GDF-8/myostatin
(Fig. 2A), slow skeletal muscle troponin T (Fig. 2B), creatine kinase
(Fig. 2C) and prostaglandin E2 (Fig. 2D). For GDF-8/myostatin, there
was neither a time effect (p = 0.935), nor a time*age (p = 0.148), a
time*intervention (p = 0.878) or a time*sex effect (p = 0.306). The same
was true for the slow skeletal muscle troponin T (time, p = 0.543;
time*age, p = 0.375; time*intervention, p = 0.183; time*sex, p =
0.159). No time effects or interactions were found for creatine kinase
(time, p = 0.638; time*age, p = 0.821; time*intervention, p = 0.373;
time*sex, p = 0.058) and prostaglandin E2 either (time, p = 0.339;
time*age, p = 0.678; time*intervention, p = 0.250; time*sex, p =
0.391).
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3.2. Neurotrophic factors

Fig. 3 shows the time courses of the serum BDNF (Fig. 3A) and GDNF
(Fig. 3B) levels. For both parameters, there was neither a time effect
(BDNF, p = 0.650; GDNF p = 0.523), nor a time*age (BDNF p = 0.382;
GDNF p = 0.436), time*intervention (BDNF p = 0.340; GDNF p = 0.820)
or time*sex (BDNF p = 0.378; GDNF p = 0.996) interaction.

3.3. C-terminal agrin fragment

Fig. 4 depicts changes in the serum concentration of the C-terminal
Agrin Fragment. No time-effect (p = 0.549), time*age (p = 0.748),
time*intervention (0.479) or time*sex (p = 0.511) interaction was
found.

4. Discussion

The aim of the present study was to assess 1) the immobilization
effects of bed rest on the neuromuscular interaction secretome and 2)
whether any immobilization-induced changes in the secretome could be
attenuated by daily continuous or intermittent human centrifugation
with 1 G at the centre of mass. The main finding was that none of the
measured parameters including serum markers of muscle wasting (GDF-
8/myostatin, slow skeletal muscle troponin T, creatine kinase, prosta-
glandin E2), neurotrophic factors (BDNF, GDNF) and C-terminal Agrin
Fragment, was affected by bed rest or human centrifugation.

4.1. Study design

The AGBRESA study was the first long-term bed-rest study to
compare continuous vs. intermittent human centrifugation as a coun-
termeasure. The 24 participants of both sexes were divided over three
groups (control, continuous and intermittent artificial gravity). The
centrifugation was of a similar, if anything slightly lower, G-intensity
and shorter duration than previous studies (30 vs. 60 min) [9,10].
Artificial gravity was applied without an additional exercise

A Myostatin

Myostatin [ng/ml]

(@)

CK activity [U/I]

Day
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countermeasure, so data may serve as a control for future bed-rest
studies that will test different types of exercise interventions during
centrifugation. For instance, supine cycling that attenuated the reduc-
tion in aerobic capacity and orthostatic tolerance in bed rest [42] and
resistive exercise that is applied on the International Space Station [43]
are potential candidates to be implemented on human centrifuges. The
set of analyses we conducted in the AGBRESA study has not been pre-
viously reported in the context of human centrifugation.

4.2. Circulating markers of muscle wasting

GDF-8/Myostatin is a TGF-B superfamily protein produced by muscle
cells that inhibits muscle growth and myoblast proliferation, and
thereby is a negative regulator of muscle mass [44]. It is a potential
target for new treatment options for sarcopenia and frailty [40,45,46].
Indeed, in mice systemic inhibition of myostatin/activin A signalling
during spaceflight led to increases in both muscle and bone mass [40].
This may also be significant in humans as Irimia at al [39] reported an
increased muscle myostatin content after 84 days of bed rest, and in a
21-days bed-rest study, the increases in muscle myostatin content were
blunted by 60 min of daily centrifugation [9]. The results of the present
study neither showed increased serum levels with bed rest nor a blunting
effect of continuous or intermittent centrifugation. Part of the discrep-
ancy between these previous and our studies may be related to the fact
that we measured circulating myostatin, whereas in the other studies the
muscle levels of myostatin were determined [9,39]. Future studies may
reveal the relationship between muscle and circulating levels of myo-
statin, but our study indicates that circulating myostatin is not altered
during bed rest or centrifugation.

Binding of Ca?" to troponin results in the conformational change of
tropomyosin that exposes the myosin binding sites on actin thereby
enabling cross-bridge formation and muscle contraction [47]. This
protein is an integral part of the muscle filaments and muscle breakdown
may cause the release of troponin into the blood stream, as observed in
myocardial infarction [48]. Likewise, creatine kinase, an enzyme that
generates adenosine triphosphate (ATP) from phosphocreatine and

Troponin T
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Fig. 2. Serum concentrations or activity (creatine kinase only) of the circulating markers of muscle wasting A: GDF-8/myostatin, B: slow skeletal muscle troponin T,
C: creatine kinase (CK), D: prostaglandin E2 (PGE2). Men are shown in black and women in grey. Control group: dashed line; continuous artificial gravity: dotted line;

intermittent artificial gravity: continuous line. Data are shown as mean + SEM.
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Fig. 3. Serum concentrations of the neurotrophic factors A: brain derived neurotrophic factor (BDNF) and B: glial cell line-derived neurotrophic factor (GDNF). Men
are shown in black and women in grey. Control group: dashed line; continuous artificial gravity: dotted line; intermittent artificial gravity: continuous line. Data are

shown as mean + SEM.

CAF

CAF [pg/ml]

Fig. 4. Serum concentrations of C-terminal Agrin Fragment. Men are shown in
black and women in grey. Control group: dashed line; continuous artificial
gravity: dotted line; intermittent artificial gravity: continuous line. Data are
shown as mean + SEM.

adenosine diphosphate required for muscle contraction [49] is released
in the blood stream during muscle breakdown [48]. In the present study,
we did not find the increased serum levels of muscle slow troponin or
creatine kinase that would be expected in case of muscle damage or
degradation. This thus suggests that the bed-rest-induced atrophy is not
associated with damage, but is a controlled process of muscle protein
breakdown.

Prostaglandin E2 has many functions in the body, including to cause
fever, inflammation, oedema and uterus contractions. In the nervous
system, prostaglandin E2 may also lead to inflammation [50]. It is also
involved in the muscle-bone crosstalk [51,52]. In parabolic flights and 4
days of spaceflight, increased PGE2 levels were found in osteoblastic cell
medium [53,54], while Stein et al. [38] reported decreased urine levels
of prostaglandin E2 during Space Shuttle flights. Here we found no
change in circulating prostaglandin E2 levels during bed rest. It is thus
equivocal whether muscle unloading and decreased physical activity
cause a rise or decrease in PGE2, but part of the discrepancy may well be
related to the different systems investigated, ranging from cells (in-
crease) to the whole body (space shuttle and our present study). Another
possible explanation is that real microgravity activates cell pathways
and stress responses in different ways than bed rest, where the gravi-
tational pull is still present.

4.3. Neurotrophic factors

BDNF is a nerve growth factor that stimulates survival and growth of
neurons of the central and peripheral nervous system [64]. It can be
secreted by the central nervous system, but also other tissues, such as
liver, heart, lung [55] and skeletal muscle [56]. Increases in BDNF were

found in the older (60 + 4 years) but not in the younger (23 + 3 years)
participants of a 14-day bed-rest study in Slovenia [29,30]. The average
age in the present bed-rest study was 33.3 + 9.2 years, so the absence of
an increase in BDNF serum levels was in line with those previous find-
ings in younger participants. Additional artificial gravity to bed rest did
not result in any change in BDNF serum concentrations. This corre-
sponds with the observation that wheelchair rugby training did not
induce an increase in BDNF in otherwise sedentary chronic cervical
spinal cord injury participants [57] and suggests that exercise does not
have an effect on BDNF serum levels during periods of disuse.

GDNF is a protein expressed in glial cells of the brain and can be
secreted by skeletal muscle [58]. It plays a role in neuron survival and
maintenance of the NMJ [26,27,58]. It has been shown in rats that the
daily treadmill exercise-induced improved peripheral nerve regenera-
tion correlated with an increase in both GDNF and BDNF expression
[25]. While exercise may increase GDNF expression, little is known
about the impact of disuse. Kulikova et al. [59] studied the expression of
genes related to brain neuroplasticity, including GDNF, in mice after one
month of hindlimb-suspension compared to mice that had spent one
month on board Russian biosatellite Bion-M1. No changes in GDNF
genes were found in the hindlimb-suspension group while the space-
flight group had decreased expressions of GDNF genes in the striatum
and substantia nigra. The ground-based model also failed to show the
changes in the serotonin and dopaminergic systems, as well as some
apoptotic factors that were observed in spaceflight. This is in line with
the present study, as we observed no significant changes in GDNF serum
concentrations. Perhaps disuse per se, other than real microgravity, has
no effects on GDNF.

4.4. C-terminal agrin fragment

Agrin is a basal lamina protein that promotes the clustering of
nAChRs and other proteins at the NMJ [60]. Elevated levels of the
synaptic protease neurotrypsin, as seen during ageing, cause loss of
integrity of the NMJ by degradation of agrin into the soluble 22 kDa
C-terminal agrin fragment that can ultimately lead to muscle wasting
[35,36]. The presence of C-terminal agrin fragment (CAF) in human
serum thus represents a potential biomarker of NMJ fragmentation.
While elevated levels of C-terminal agrin fragment have been found in
patients with sarcopenia [32-34], exposure to bed rest with or without
human centrifugation did not lead to increases in serum CAF concen-
trations in the present study.

The absence of changes in serum markers of muscle wasting, neu-
rotrophic factors and C-terminal agrin fragment corresponds with the
absence of changes in the number (MUNIX) and size (MUSIX) of motor
units found in the same bed-rest study [61] and normal muscle activa-
tion during a fatigue test after 21 days bed rest [13]. In combination,
these observations suggest that the neuromuscular interaction is not
compromised during bed rest of up to 60 days. It is possible, however,
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that longer durations of bed rest will have a negative impact on the
neuromuscular integrity, as there are morphological indications of
remodelling of the NMJ during bed rest [62].

4.5. Limitations

The main limitation of the present study was a high variation in a
relatively small, but for bed-rest studies common sample size. Although
there were only 8 women (vs 16 men) in the study, the absence of a sex
effect and sex interactions indicates that this was not a major issue.

5. Conclusions

Our findings indicate that long-term bed rest or artificial gravity with
1 G at the centre of mass for 30 min per day had no effects on the
neuromuscular secretome. Artificial gravity neither resulted in changes
in neurotrophic factors such as BDNF, GDNF or CAF, nor in circulating
markers of muscle wasting, indicating that it is a safe intervention that
does not have negative effects on neuromuscular integrity.
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