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Abstract

Background Muscle disuse from bed rest or spaceflight results in losses in muscle mass, strength and oxidative capac-
ity. Capillary rarefaction may contribute to muscle atrophy and the reduction in oxidative capacity during bed rest. Ar-
tificial gravity may attenuate the negative effects of long-term space missions or bed rest.

The aim of the present study was to assess (1) the effects of bed rest on muscle fibre size, fibre type composition,
capillarization and oxidative capacity in the vastus lateralis and soleus muscles after 6 and 55 days of bed rest and
(2) the effectiveness of artificial gravity in mitigating bed-rest-induced detriments to these parameters.

Methods Nineteen participants were assigned to a control group (control, n = 6) or an intervention group undergoing
30 min of centrifugation (n = 13). All underwent 55 days of head-down tilt bed rest. Vastus lateralis and soleus biopsies
were taken at baseline and after 6 and 55 days of bed rest. Fibre type composition, fibre cross-sectional area,
capillarization indices and oxidative capacity were determined.

Results After just 6 days of bed rest, fibre atrophy (—23.2 + 12.4%, P < 0.001) and reductions in capillary-to-fibre
ratio (C:F; 1.97 = 0.57 vs. 1.56 = 0.41, P < 0.001) were proportional in both muscles as reflected by a maintained cap-
illary density. Fibre atrophy proceeded at a much slower rate between 6 and 55 days of bed rest (—11.6 + 12.1% of
6 days, P = 0.032) and was accompanied by a 19.1% reduction in succinate dehydrogenase stain optical density
(P < 0.001), without any further significant decrements in C:F (1.56 + 0.41 vs. 1.49 + 0.37, P = 0.459). Consequently,
after 55 days of bed rest, the capillary supply-oxidative capacity ratio of a fibre had increased by 41.9% (P < 0.001),
indicating a capillarization in relative excess of oxidative capacity. Even though the heterogeneity of capillary spacing
(LogrSD) was increased after 55 days by 12.7% (P = 0.004), tissue oxygenation at maximal oxygen consumption of the
fibres was improved after 55 days bed rest. Daily centrifugation failed to blunt the bed-rest-induced reductions in fibre
size and oxidative capacity and capillary rarefaction.

Conclusions The relationship between fibre size and oxidative capacity with the capillary supply of a fibre is uncoupled
during prolonged bed rest as reflected by a rapid loss of muscle mass and capillaries, followed at later stages by a more
than proportional loss of mitochondria without further capillary loss. The resulting excessive capillary supply of the
muscle after prolonged bed rest is advantageous for the delivery of substrates needed for subsequent muscle recovery.
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Introduction

Disuse from bed rest, immobilization and spaceflight is asso-
ciated with reductions in muscle size, strength and oxidative
capacity and is the consequence of a net protein breakdown
in these conditions.® The disuse-induced muscle wasting is
more pronounced in postural muscles, such as the calf mus-
culature, compared with non-postural muscles, such as the
vastus lateralis muscle.? Strikingly, this muscle atrophy can
be seen after just a few days of bed rest®>* with further reduc-
tions in muscle size occurring at a slower rate as bed rest
continues.”

Besides muscle atrophy, bed rest could potentially also
lead to accelerated fatigability, given that there is often a
shift towards faster fibre type® and a reduction in VO,max.”
Although exaggerated fatigability has been reported after
disuse,® this is not seen in all immobilization studies,” where
there may even be no significant reduction in muscle fatigue
resistance during a series of repeated shortening contractions
in the presence of a higher reliance on glycolytic
metabolism.'® Although the fatigue resistance of a muscle
or motor unit is positively related to its oxidative capacity,®
blockage of functional capillaries has shown that also the cap-
illary bed is an important determinant of muscle fatigue
resistance.™

The capillary bed is not only important for the delivery of
oxygen but also delivery of energy substrates and removal
of heat and metabolic waste products.*® The absence of a sig-
nificant relationship between the capillary supply of a fibre
and its oxidative capacity indicates that fibre size is probably
a more important determinant of muscle capillarization than
oxygen demand.*® This is also reflected by the correlation of
capillarization with fibre size in both human and rodent
muscles.’®> Further supporting the coupling between
capillarization and fibre size is the similar time course of hy-
pertrophy and angiogenesis during an overload stimulus®
and the observation in humans that the hypertrophic re-
sponse is less when the muscle has a low capillary density
(cp).*®

It is therefore possible that capillary rarefaction during bed
rest contributes to the observed muscle fibre atrophy.
Whereas in non-disused muscle, contractile activity will elicit
a rise in blood flow that enhances endothelial shear stress re-
quired to maintain the microvasculature in skeletal muscle,?
the little contractile activity and consequently fewer and
shorter episodes of elevated blood flow to the muscle during
disuse will lead to arterial remodelling'® and via reduced
sheer stress most likely also result in capillary rarefaction.
However, so far there are no indications whether the cou-
pling between capillary supply to a fibre with its metabolic
type and size changes during bed rest, nor of the time course
of such changes.

If significant decrements in fibre size and fibre oxidative ca-
pacity, and capillary rarefaction occur after just 6 days of bed

rest, it emphasizes the importance of early preventative in-
terventions in spaceflight and hospitalization. To assess
changes in the capillary supply to a muscle, both capillary-
to-fibre ratio (C:F) and CD are important indices of
capillarization. Where C:F is independent of fibre size and a
reduction in this parameter is indicative of capillary rarefac-
tion (assuming fibre number is not changed), CD is influenced
by fibre size and is a reflection of the diffusion capacity of the
capillary bed of the muscle tissue.

One potential countermeasure to the unwanted effects of
muscle unloading is artificial gravity, which has been shown in
pilot studies to attenuate reductions in fibre cross-sectional
area (FCSA), isometric strength of the knee extensors and
flexor muscles.!” These observations recently led the
European Space Agency (ESA) and the National Aeronautics
and Space Administration (NASA) to design the Artificial
Gravity Bed Rest Study (AGBRESA) to determine the benefi-
cial effects of daily centrifugation on multiple physiological,
psychological and behavioural parameters. As part of
AGBRESA, the objectives of the present study were to assess
(1) the effects of bed rest on muscle fibre size, fibre type
composition, capillarization and oxidative capacity at an early
time point (6 days) and after 55 days of bed rest and (2) the
effectiveness of artificial gravity in mitigating bed-rest-
induced decrements in these parameters. We hypothesized
that (1) bed rest results in a rapid proportional reduction in
fibre size and capillary rarefaction, although there is a propor-
tionally larger loss of oxidative capacity, and (2) that these ad-
verse adaptations to bed rest are attenuated by daily artificial
gravity.

Methods
Study design

Twenty-four healthy subjects (16 men, 8 women, 33 + 9 years;
175 £ 9 cm; 74 £ 10 kg) participated in the AGBRESA study.
This was undertaken by the German Aerospace Centre, the
ESA and NASA, at the DLR, Cologne, Germany, in two
campaigns with 12 participants each in 2019. The objectives
of the AGBRESA study were to determine the efficacy of
30 min daily artificial gravity in the form of continuous
(cAG) and intermittent centrifugation (iAG) as a countermea-
sure to the adverse effects of immobilisation and disuse
(Figure 1). Subjects underwent physical and psychological
testing to assess their suitability to be included in the study.
The study subjects were randomly assigned to groups for
the first campaign, whereas for campaign 2 assignment
aimed at demographic balancing of groups, as three women
and one man dropped out and were subsequently replaced
during the second campaign (n = 8 per group). No significant
group x time interactions were found when iAG and cAG

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 2712-2723
DOI: 10.1002/jcsm.13072

85US01 7 SUOLUWIOD BA11e81D) 3|l (dde ay) Aq pauenob ae Sape O ‘8sN JO S9INJ 10} Aeiq1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBI IO A8 | AReq Ul [Uo//ScIY) SUORIPUOD pUe SWie 1 8y} 88S *[£202/0/20] Uo Aiq1T8uluo A8|IM ‘sopue|iees sod 1Be)seAIIN AQ 220ST Wsd(/Z00T 0T/I0p/woo" A 1M Areiq1jeul|uo//Sdny Woij pepeo|umod ‘9 ‘220z ‘600906TZ6ESET



2714

P.W. Hendrickse et al.

Campaign design

2 campaigns were completed

12 participants per campaign
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cAG - daily 30° continuous centrifugation (n=4) --..
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Figure 1 A graphical representation of the campaign design. The campaign was repeated twice, each with 12 participants, but due to issues with tissue
freezing, histological analysis was not completed in all participants at all time points. Biopsies were taken at BDC (baseline), HDT6 and HDT55 (Day 6

and 55 head-down tilt bed rest, respectively).

groups were compared, so these groups were pooled for fur-
ther analysis. Further details of the participants’ daily rou-
tines in the AGBRESA study have been published by Frett
et al.®®

Biopsy acquisition

Vastus lateralis and soleus muscle biopsies (approximately
150 mg) were taken from 21 subjects using a rongeur
(4 mm diameter) under sterile conditions at baseline
(BDC), Day 6 and Day 55 or 57 of head-down tilt bed rest
(HDT6 and HDT55/57). Samples were acquired after skin
disinfection and local anaesthesia with lidocaine. Biopsies
were mounted on cork with Tissue-Tek O.C.T. Compound
(Sakura, Torrance, CA, USA) in orientation for transverse
sections, frozen in liquid nitrogen and stored at —80°C. Sec-
tions (10 pum) were cut using a cryostat (Leica CM 30508,
Leica Biosystems, Wetzlar, Germany), mounted on adhesion
slides and stored at —80°C until staining. Due to issues with
tissue freezing, histological analysis was completed on sam-
ples from 19 people for the vastus lateralis (control n = 6,
AG n = 13) and 18 people for the soleus (control n = 6,
AG n = 12).

Fibre type and capillary staining and analysis

To identify fibre type, capillary locations and fibre outlines,
one slide from each sample was left to defrost for 10 min
and then blocked for 1 h with 10% goat serum (Vector Labo-
ratories, CA, USA) in phosphate-buffered saline (PBS). Slides
were incubated for 2 h with BA-D5 (1:100; specific for myosin
heavy chain type ), BF-35 (1:100; all isoforms except for

myosin heavy chain type lIx; Developmental Studies Hybrid-
oma Bank, IA, USA) and rabbit polyclonal anti-dystrophin
primary antibody (1:100; Abcam, ab15277) in blocking
solution to identify Type |, lla and fibre boundaries, respec-
tively. After three 5-min PBS washes the slide was incu-
bated for 1 h in secondary antibodies anti-mouse Alexa
Fluor 555 IgG2b for type | (1:500), anti-mouse Alexa Fluor
488 1gG1l for type lla (1:500), goat anti-rabbit cross-
adsorbed Alexa Fluor 350 IgG (H + L) (1:500) for dystrophin
and Ulex europaeus Agglutinin | fluorescein (1:250) for cap-
illaries (Thermo Fisher Scientific, MA, USA). After 3 x 5 min
washes in PBS, slides were mounted with Vectashield
Antifade Mounting Medium (H-1000; Vector Laboratories,
CA, USA).

Images of the vastus lateralis and soleus muscles were
taken using a fluorescent microscope (Zeiss Imager Z2, Zeiss,
Germany) at 10x magpnification (Figure 2A and 2B), and im-
ages were analysed with DTect (https://ora.ox.ac.uk/ob-
jects/uuid:6d128833-4c00-46bd-b7aa-10145e5091b9). Fibre
boundaries were determined semi-automatically using
thresholding and allowing for manual removal of
non-specific staining. Fibres were identified manually as fol-
lows: Type | fibres stained positive for BA-D5, and Type lla
were positive for BF-35, but not BA-D5 and Type lIx showed
no staining with either antibody. Capillaries were manually
identified by positive staining for Ulex europaeus Agglutinin
I. Using these data, fibre cross-sectional a FCSA, fibre type
composition, CD and C:F were determined. In addition, capil-
lary domains were calculated, areas of tissue surrounding
each capillary delineated by equidistant boundaries from
neighbouring capillaries,’® to determine the local capillary-
to-fibre ratio (LCFR), which is the sum of the fractions of each
domain which overlap the fibre, capillary fibre density
(CFD: LCFR divided by the FCSA) and the logarithmic standard
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Figure 2 Serial sections of biopsies stained for (A and B) fibre type composition and capillaries, (C and D) succinate dehydrogenase (SDH) and (E and F)
indicating partial pressure of oxygen (PO,) estimate spatial profiles in vastus lateralis muscle biopsies generated by the oxygen transport modeller
based on (A) and (C), respectively, at baseline (BDC) and after 55 (HDT55) days of head-down tilt bed rest. (A), (C) and (E) are taken from serial sections
of BDC, (B), (D) and (F) are taken from serial sections of HDT55. (A and B) Red: Type I; green: Type lla; unstained: Type lIx; and green dots: capillaries.

deviation of the radius of the capillary domains (LoggSD), an
index of the heterogeneity of capillary spacing. A minimum
of 80 fibres were analysed per sample.

Succinate dehydrogenase staining and analysis

Serial slides were stained for succinate dehydrogenase (SDH)
activity as described previously® (Figure 2C and 2D). The op-
tical density of the SDH stain at 660 nm gives a quantitative
indication of the maximal rate of oxygen consumption of
muscle fibres.® Filters with a known optical density were im-
aged to create a calibration curve for each section to adjust
for variation in background staining and lighting between sec-
tions. Image) was used to determine the optical density
(SDH-OD) of the stain (Rasband, W.S., Imagel, U. S. National

Institutes of Health, Bethesda, MD, USA). Integrated SDH ac-
tivity (SDH-INT) was calculated by multiplying the SDH-OD of
each fibre by its FCSA.

Muscle oxygenation

Estimates of the average oxygen partial pressure (PO,) within
muscle sections were calculated with ‘Oxygen transport
modeler’?® (Figure 2E and 2F). Model assumptions include es-
timates of capillary radius (1.8 x 10™* cm), concentration of
oxygen bound to myoglobin (10.2 x 1073 mL 0, mL™?%) and
0, solubility (3.89 x 107> mL 0, mL™* mmHg ™) and diffusiv-
ity (1.73 x 1077 cm? s7%). The average VO,max of fibres from
each sample was calculated using the SDH-INT, as follows?®:
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VO,max(fibre) (Lkg ' min~') = 0.672 x SDH-INT

The average VO, may Of fibres was then converted to maximal
oxygen demand in mL O, mL™* s™* and fed into the model.

Statistics

Data are presented for each fibre type, but also for the
weighted average of all fibres. Data were analysed with IBM
SPSS Version 27. Shapiro—Wilk tests were used to determine
whether data were normally distributed. Due to the preva-
lence of non-matching soleus and vastus lateralis muscles,
an analysis of variance was used with a linear mixed-effects
model with muscle type, time point and fibre type as repeated
variables. In addition to main effects, two-way interactions
were considered. Effects and interactions were considered
significant at P < 0.05. Bonferroni post hoc tests were applied
to determine differences between time points and fibre types.

Results
CAG versus iIAG

No significant group x time interactions were found when iAG
and cAG groups were compared for FCSA (P = 0.902), fibre
type composition (P = 0.782), CD (P = 0.545), C:F
(P = 0.835), LoggSD (P = 0.113), SDH-OD (P = 0.440) and
LCFR/SDH-INT (P = 0.219). Therefore, these groups were
pooled for further analyses.

Sex differences

There were no significant sex x group interactions for FCSA
(P = 0.127), fibre type composition (P = 0.718), CD
(P = 0.766), C:F (P = 0.280), LoggSD (P = 0.054), SDH-OD
(P = 0.662) and LCFR/SDH-INT (P = 0.915). There were also
no significant sex x time interactions for FCSA (P = 0.089), fi-
bre type composition (P = 0.715), CD (P = 0.716), C:F
(P = 0.216), LoggSD (P = 0.150), SDH-OD (P = 0.678) and
LCFR/SDH-INT (P = 0.355). Therefore, men and women were
pooled for further analysis.

FCSA

FCSA was larger in the soleus than in the vastus lateralis mus-
cle (4647 + 1308 umz vs. 3671 £ 1219 umz, P < 0.001). Irre-
spective of AG, the FCSA in both vastus lateralis and soleus
muscles showed a progressive decline with bed rest, as
reflected by the smaller FCSA at HDT6 than at BDC
(P < 0.001, Hedge’s g = 0.955) and a further decline in FCSA
at HDT55 (P < 0.001, Hedge’s g = 0.572) (Figure 4A). This de-

crease was similar for all fibre types, as reflected by the
absence of a fibre type x time interaction. The FCSA was
reduced more (—23.2 + 12.4%) between BDC and HDT6
compared with the decline between HDT6 and HDT55
(—11.6 + 12.1%) (P = 0.012). The standard deviation of FCSA
did not change with bed rest (P = 0.127, data not shown).

Fibre type composition

The muscle x fibre type interaction for fibre type composition
(P < 0.001) was reflected by a higher proportion of Type | fi-
bres in the soleus than in the vastus lateralis muscle (all
P < 0.001). Both the vastus lateralis and soleus muscles
contained more Types | and lla than Type IIx fibres
(P < 0.005) and the soleus contained more Type | than Type
lla fibres (P < 0.001). Bed rest did not induce a significant
change in fibre type composition (Table 1) (P = 0.972).

Muscle capillarization

Capillary density was higher at HDT55 than BDC (P = 0.002,
Hedge’s g = 0.703), irrespective of AG (P = 0.182) (Figure
3A). C:F, however, was reduced below BDC at HDT6
(P < 0.001 Hedge’s g = 0.826) with no further decrease be-
tween HDT6 and HDT55 (P = 0.459) (Figure 3B). The LoggSD
was increased after 55 days of bed rest (P = 0.004, Hedge’s
g = 0.850) (Figure 3C).

The LCFR was greater in the soleus compared with the
vastus lateralis muscle (P < 0.001), but there was no signifi-
cant difference in CFD between soleus and vastus lateralis
muscles (P = 0.217) (Table 2). Type | and lla fibres had a
greater LCFR compared with Type lIx fibres (both
P < 0.001; Table 2), and Type | fibres had greater CFD than
Type lla and IIx fibres (P = 0.003 and P = 0.010, respectively).

There was a time effect for LCFR (P = 0.046), and post hoc
analysis showed a significant decrease after 55 days
(P =0.043, Hedge’s g = 0.270). There was also a time effect
for CFD (P < 0.001), and post hoc analysis showed that CFD
was greater in HDT55 relative to BDC (P = 0.001, Hedge’s
g = 0.389) (Table 2).

SDH

In all fibres pooled, there was no significant difference in
SDH-OD between the vastus lateralis and soleus muscles
(P =0.141), although SDH-INT was greater in the soleus mus-
cle (P =0.001) (Figure 4B). Type | fibres had a higher SDH-OD
than Type lla, and Type lla in turn had a greater SDH-OD than
Type lIx fibres (P < 0.001; Table 3). The SDH-INT did not differ
significantly between groups, or between muscle fibre
types (Table 3 and Figure 4C). Both the SDH-OD (Figure 4B)
and SDH-INT (Figure 4C) were not significantly different
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Table 1 Fibre cross-sectional area (FCSA) and fibre type composition in the control and the artificial gravity (AG) group 1 day prior to bed rest (BDC)
and on Day 6 (HDT6) and Day 55 or 57 (HDT55/57) of head-down tilt bed rest

BDC HDT6 HDT55/57 Significant effects (P < 0.05)
VL
FCSA (um?)
Control Type | 4513 = 756 (n = 6) 3410 £ 511 (n = 6) 2417 = 280 (n = 6) SOL > VL (P < 0.001)
AG Type | 4269 + 1286 (n = 13) 3581 + 1052 (n = 13) 2906 + 836 (n = 10) BDC > 6 (P < 0.001)
Control Type lla 4980 = 1071 3635 = 730 2540 = 536 BDC > 55 (P < 0.001)
AG Type lla 4390 + 1259 3699 + 1201 3208 = 1044 6 > 55 (P < 0.001)
Control Type lIx 4707 = 1286 3386 + 997 2506 + 527
AG Type lIx 3797 + 1369 3034 + 823 2832 + 1163
Fibre type composition (%)
Control Type | 37.7 £ 14.7 42.3 + 13.8 39.2 £12.0 I > lIx (P = 0.005)
AG Type | 35.8 + 15.6 29.7 = 9.6 343 +9.6 lla > lIx (P < 0.002)
Control Type lla 33.2 = 15.8 343 +78 346 +7.2
AG Type lla 36.7 + 9.7 411 +11.3 37.7 £ 8.0
Control Type lIx 29.1 £ 12.1 22.4 =111 25.8 = 6.1
AG Type lIx 27.4 =141 288 +11.4 28.1 =+ 13.3
SOL
FCSA (um?)
Control Type | 5241 = 1011 (n = 6) 4494 + 718 (n = 6) 3585 + 826 (n = 5) SOL > VL (P < 0.001)
AG Type | 5397 + 1346 (n = 12) 4390 = 1169 (n = 12) 3767 £ 1355 (n =12) BDC > 6 (P < 0.001)
Control Type lla 6211 = 1650 4784 + 1028 4275 = 1213 BDC > 55 (P < 0.001)
AG Type lla 5859 = 1277 4144 + 1238 3794 + 1188 6 > 55 (P < 0.001)
Control Type lIx 3416 = 607 4497 + 2321
AG Type lIx 5545 = 1510 4054 + 1478 3507 = 1349
Fibre type composition (%)
Control Type | 71.0 £ 18.8 62.7 = 21.6 62.4 + 19.6 1> lla (P < 0.001)
AG Type | 60.2 + 23.6 63.6 = 17.6 59.7 + 18.1 I > lIx (P < 0.001)
Control Type lla 27.2 £ 17.6 323 +x17.4 29.4 =+ 8.9 lla > lIx (P < 0.001)
AG Type lla 32.4+17.2 27.8 + 8.6 29.5 + 9.1
Control Type lIx 1.7 £4.2 5.0 x9.2 8.2 =127
AG Type lIx 7.5 +12.7 8.6 + 14.8 109 £ 13.2
SOL, soleus muscle; VL, vastus lateralis muscle.
Data are mean = standard deviation.
from BDC at HDT6 (P = 0.120 and P = 0.522, respectively), Discussion

but was decreased at HDT55 relative to BDC

(P < 0.001, Hedge’s g = 0.801).

Supply-demand ratio

To determine differences in the matching of oxygen supply
(LCFR) to demand (SDH-INT) of a fibre, the LCFR/SDH-INT
was calculated. The LCFR/SDH-INT was similar in BDC and
HDT6 (P = 0.522) but was elevated at HDT55 (P < 0.001,
Hedge’s g = 0.956; Figure 4D).

PO, modelling

The average PO, at maximal oxygen consumption of the fi-
bres calculated with the oxygen transport modeller pro-
gramme did not differ significantly between BDC and HDT6
(P = 1.000), but was greater at HDT55 relative to BDC
(P =0.010, Hedge’s g = 0.726) and HDT6 (P = 0.010, Hedge’s
g = 0.811) (Figure 3D).

The main observations of this study were that fibre atrophy
and capillary rarefaction, illustrated by reductions in FCSA
and C:F, respectively, seen after just 6 days of bed rest are
proportional. The atrophy proceeded at a slower rate be-
tween 6 and 55 days of bed rest and was accompanied by a
reduction in oxidative capacity, without any further capillary
rarefaction. As a result, after 55 days of bed rest, the capillary
supply is in excess to that expected from the oxidative capac-
ity and size of the muscle fibres. Daily artificial gravity failed
to blunt the bed-rest-induced reductions in fibre size, oxida-
tive capacity and capillary rarefaction.

Fibre size and fibre type composition

We observed no significant changes in fibre type composition
in either muscle at any time point, similar to findings after
19 days of bed rest.?? Others, however, did report a reduced
proportion of slow fibres after 60 days of bed rest in the
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Figure 3 Capillary indices for control group and antigravity (AG) group at baseline, on Day 6 of head down tilt bed rest and on Day 55 of head-down tilt
bed rest + standard deviation. (A) Capillary density (CD), (B) capillary-to-fibre ratio (C:F), (C) the logarithmic standard deviation of the radius of the
capillary domains (LoggSD) (D) Average PO,. SOL, soleus; VL, vastus lateralis, 0* significantly different to baseline at P < 0.05, 0** significantly different
to baseline at P < 0.01, 0*** significantly different to baseline at P < 0.001, 6* significantly different to Day 6 at P < 0.05.

soleus, but not in the vastus lateralis muscle.?® Although the
discrepancy between that and our study may be explicable by
the classification of hybrid fibres in their study, this will have
a minor impact on the outcome as they reported no signifi-
cant change in the proportion of hybrid fibres after 60 days
of bed rest.”

Reductions in muscle volume with space flight are well
documented®*?° and are largely attributable to muscle fibre
atrophy.>>?® In line with other studies showing significant
muscle atrophy within 1 week of bed rest,>**” we observed
notable fibre atrophy in both vastus lateralis and soleus mus-
cles after just 6 days. Here, we confirm that the rate of atro-
phy is particularly fast during this first week as the further at-
rophy between 6 and 55 days of bed rest was just around
50% of that incurred during the first week. It may well be that
muscle fibre atrophy reaches a plateau, as seen in denervated
rodent muscles where after rapid atrophy in the first 2 weeks,
muscle mass did not decrease further, reaching a new steady
state.?® That this may indeed also be the case in humans is
supported by a recent systematic review, which demon-
strated that muscle atrophy follows a non-linear logarithmic
pattern until 3 months.” It would be of interest to understand
the molecular mechanisms underlying the time course of
bed-rest-induced atrophy, but this was beyond the scope of
the present study.

Such a rapid loss of muscle mass within just 6 days of im-
mobilization is not only an important consideration for space-
flight but has also significant implications for patients when
one considers that the average length of hospital stay for
in-patients in the UK is 6.8 days.?® Given that low skeletal
muscle cross-sectional area is a risk factor for mortality in
critically ill patients,® the observation of a particularly rapid
atrophy during the first week of bed rest demonstrates the
importance of early interventions to attenuate reductions in
muscle size.

Muscle oxidative capacity

In contrast to the early development of atrophy, the oxidative
capacity of muscle fibres was not reduced after 6 days of bed
rest, and only after 55 days of bed rest, a significant reduction
was seen in both muscles and in all fibre types. Similar reduc-
tions have been found in both the vastus lateralis and soleus
after 1922 and 37°! days of bed rest. The most straightfor-
ward explanation for this observation is that after extended
bed rest, the loss of mitochondria is proportionately larger
than the decrease in fibre size. These histological observa-
tions are in line with our preliminary findings of a significant
reduction in the maximum mitochondrial respiration rate of
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Table 2 Local capillary-to-fibre ratio (LCFR) and capillary fibre density (CFD) of each fibre type for the control and the artificial gravity (AG) group 1 day
prior to bed rest (BDC) and on Day 6 (HDT6) and Day 55 or 57 (HDT55/57) of head-down tilt bed

BDC HDT6 HDT55/57 Significant effects (P < 0.05)

LCFR
Control Type | 1.44 = 0.32 1.34 = 0.39 1.11 = 0.15 SOL > VL (P < 0.001)
AG Type | 1.30 + 0.44 1.33 £ 0.33 1.22 £ 0.35 I > 1Ix (P < 0.001)
Control Type lla 1.51 £ 0.20 1.37 £ 0.39 1.19 £ 0.26 lla > lIx (P < 0.001)
AG Type lla 1.20 £ 0.34 1.21 £ 0.34 1.26 = 0.37 BDC > 55 (P = 0.043)
Control Type lIx 1.31 £ 0.34 1.12 £ 0.36 0.99 = 0.22
AG Type lIx 0.93 + 0.26 0.93 + 0.27 0.86 = 0.21
CFD (mm?)
Control Type | 309 = 41 332 + 88 403 += 49 Time (P < 0.001)
AG Type | 312 + 69 319 = 77 336 + 97 HDT55 > BDC (P = 0.001)
Control Type lla 298 = 46 300 = 87 368 = 69 I > lla (P = 0.003)
AG Type lla 295 + 63 322 =51 387 = 83 1> lIx (P =0.010)
Control Type lIx 274 + 49 301 = 87 297 £ 55 BDC < HDT55 (P = 0.001)
AG Type lIx 282 + 94 317 + 113 327 + 114

SOL

LCFR
Control Type | 1.83 £ 0.26 1.79 £ 0.29 1.70 = 0.50 SOL > VL (P < 0.001)
AG Type | 1.84 = 0.61 1.50 £ 0.45 1.35 +£0.48 I > lIx (P < 0.001)
Control Type lla 1.76 £ 0.37 1.70 £ 0.35 1.90 + 0.50 lla > lIx (P < 0.001)
AG Type lla 1.76 = 0.51 1.47 £ 0.42 1.28 £ 0.24 BDC > 55 (P = 0.043)
Control Type lIx 2.05 +0.73 1.31 £ 0.44 1.52 = 0.56
AG Type lIx 1.45 = 0.65 1.16 £ 0.27 1.10 £ 0.52

CFD (mm )

Control Type | 344 + 84 357 £ 73 425 + 122 HDT55 > BDC (P = 0.001)
AG Type | 367 = 84 351 = 84 357 = 87 I >lla (P =0.003)
Control Type lla 295 + 63 322 =51 387 = 83 I > 1Ix (P < 0.010)
AG Type lla 340 = 68 341 = 88 331 =73 BDC < HDT55 (P = 0.001)
Control Type lIx 261 = 23 314 + 28 323+ 75
AG Type lIx 328 = 101 337 £ 142 309 = 66

SOL, soleus muscle; VL, vastus lateralis muscle.
Data are mean = standard deviation.

permeabilized fibres of the vastus lateralis muscle after
55 days of bed rest.>? Although mitochondrial dysfunction af-
ter 55 days of bed rest may explain such a decrease in muscle
oxidative capacity, it has been shown that after 10 days of
non-head down bed rest, the protein expression of subunits
of the mitochondrial complexes and citrate synthase is re-
duced without evidence of a lower maximal mitochondrial
respiration rate.**? This indicates no, or a very small, reduc-
tion in oxidative phosphorylation capacity, further supported
by observations such as an absence of oxidative stress in the
muscle or increases in ROS production after 4—7 days of bed
rest.>**> In fact, there is evidence that skeletal muscle mito-
chondrial respiration is even augmented after 4 days of bed
rest.>*

Capillarization and capillary supply-to-oxygen
demand ratio

During periods of bed rest, there are few instances of con-
tractile activity and associated increases in muscle blood flow.
As a result, the endothelium is exposed to less mechanical

stress due to muscle contraction and/or blood-flow-related
increases in sheer stress, factors that are important for angio-
genesis and maintenance of the capillary bed.*? The reduced
contractile activity and endothelial shear stress may explain
the microvascular rarefaction, demonstrated by a decreased
C:F in both the soleus and vastus lateralis muscle, after as lit-
tle as 6 days of bed rest. Yet, the CD was not significantly
changed. Whereas capillary rarefaction during bed rest is
not always observed,*?* those same studies did not demon-
strate significant fibre atrophy and, similar to what we saw
in our study, no change in CD. Although one study observed
atrophy without capillary rarefaction and an increase in CD
after 4 days of bed rest,® the pattern emerges that the loss
of capillaries—when it occurs—is proportional to the de-
crease in fibre size—as reflected by the absence of a decrease
in CD—confirming the coupling between the size and the
capillary supply of a fibre'® even during early stages of bed
rest.

Other studies observing a significant reduction in C:F in the
vastus lateralis muscle from middle-aged participants after
143% or 60 days of bed rest’®* may suggest that the loss of
capillaries is progressive. However, we have shown here that
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Figure 4 (A) Weighted average fibre cross-sectional area (FCSA) for control group and antigravity (AG) group at baseline, on Day 6 of head down tilt
bed rest and on Day 55 of head-down tilt bed rest + standard deviation. (B) shows average succinate dehydrogenase activity (SDH-OD). (C) Integrated
SDH (SDH-INT). (D) Local capillary-to-fibre ratio LCFR: SDH-INT. LCFR, local capillary-to-fiber ratio; SOL, soleus; VL, vastus lateralis. 0* significantly dif-
ferent to baseline at P < 0.05, 0*** significantly different to baseline at P < 0.001, 1*** significantly different to baseline at P < 0.001, 6** signifi-

cantly different to Day 6 at P < 0.01, 6*** significantly different to Day 6 of bed rest at P < 0.001.

almost all, if not all, capillary rarefaction occurs during the
first 6 days without any further significant capillary rarefac-
tion between 6 and 55 days of bed rest despite further mus-
cle fibre atrophy. As a result, the CD was higher at 55 days of
bed rest than before bed rest, and this indicates that at later
stages of disuse, there may be an uncoupling of fibre size and
capillary supply to a muscle fibre, something also seen in de-
nervated rodent soleus muscles.”®

One thing that is rarely considered is the spatial distribu-
tion of capillaries over the muscle tissue. Indeed, model cal-
culations have shown that the heterogeneity of capillary
spacing has a significant impact on muscle oxygenation.?”
We therefore quantified here also the heterogeneity of capil-
lary spacing and showed that despite significant capillary rar-
efaction with bed rest, the spatial distribution was not signif-
icantly changed after 6 days. This indicates that the capillary

Table 3 Succinate dehydrogenase optical density (SDH-OD) of each fibre type for the control and artificial gravity (AG) group 1 day prior to bed rest
(BDC) and on Day 6 (HDT6) and Day 55 or 57 (HDT55/57) of head-down tilt bed rest

BDC HDT6 HDT55/57 Significant effects (p < 0.05)
SDH-OD
VL

Control Type | 0.124 = 0.024 0.144 = 0.050 0.115 = 0.033 I >lla (P < 0.001)
AG Type | 0.113 £ 0.014 0.123 £ 0.033 0.105 + 0.030 I > lIx (P < 0.001)
Control Type lla 0.098 + 0.026 0.132 = 0.049 0.084 = 0.019 lla > lIx (P < 0.001)
AG Type lla 0.095 + 0.023 0.093 + 0.034 0.072 £ 0.022 BDC > 55 (P < 0.001)
Control Type lIx 0.076 + 0.029 0.109 = 0.056 0.071 £ 0.017 6 > 55 (P = 0.006)
AG Type lIx 0.078 + 0.028 0.075 + 0.022 0.063 = 0.019

SOL
Control Type | 0.147 + 0.009 0.121 £ 0.031 0.099 + 0.023 I > lla (P < 0.001)
AG Type | 0.118 = 0.030 0.117 £ 0.021 0.097 £ 0.019 I > 1Ix (P < 0.001)
Control Type lla 0.127 £ 0.027 0.096 + 0.039 0.080 = 0.026 lla > lIx (P < 0.001)
AG Type lla 0.101 = 0.030 0.099 + 0.023 0.076 = 0.021 BDC > 55 (P < 0.001)
Control Type lIx 0.138 +£ 0.044 0.066 = 0.009 0.071 £ 0.033 6 > 55 (P = 0.006)
AG Type lIx 0.091 + 0.038 0.077 £ 0.020 0.068 = 0.016

SOL, soleus muscle; VL, vastus lateralis muscle.
Data are mean = standard deviation.
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rarefaction after 6 days of bed rest does not occur at random,
but is apparently a controlled process to preserve adequate
muscle oxygenation, and removal of heat and waste products.
However, after 55 days, even though C:F is maintained, the
heterogeneity of capillary spacing is increased. This increase
in heterogeneity of capillary spacing may be related to
changes in fibre size as reflected also by the increase in CD,
but is not attributable to an increased variability of the FCSA.

Above we have discussed that after 55 days of bed rest,
the loss of oxidative capacity is proportionally larger than
the decrease in fibre size, which in turn is proportionally
larger than the capillary rarefaction. The combination of
these changes results in a muscle fibre capillarization that is
larger than expected for a given fibre size and oxidative ca-
pacity, or, in other words, a capillary supply that exceeds
the oxygen demand and thus resulting in a better, rather than
poorer muscle oxygenation in advanced stages of bed rest.
This mismatch between oxygen supply and demand has also
been found after 19 days of bed rest, where the decrement
in muscle fibre oxidative capacity was proportionally greater
than the loss of capillaries? and in old rat muscles without
muscle atrophy® and the soleus® muscles atrophied due to
denervation. These observations provide further evidence
that capillarization is not determined by oxidative capacity
but by other factors, possibly including substrate delivery or
metabolite removal.>®*2 It appears that there is not only an
uncoupling of the link between the size and capillary supply
of a fibre during bed rest but that also capillary rarefaction
(after 6 days of bed rest) and loss of oxidative capacity follow
a different time course.

Figure 5 illustrates that during the first days of bed rest the
relationship between FCSA and C:F is maintained (A to B),
followed by a further decrease in fibre size without significant
capillary rarefaction (B to C), resulting in an elevated capillary
supply for a given fibre size. Thus, although the initial capil-

2.0

C:F ratio

\\
OL ~ T T
0 3000 4000 5000
FCSA (um?)
Figure 5 The relationship between fibre cross-sectional area (FCSA) and

capillary-to-fibre ratio (C:F) at BDC (A), HDT6 (B) and HDT55/57 (C). C’ in-
dicates the C:F expected for the FCSA at (C). Data are mean + SEM.

lary rarefaction may have contributed to the decrease in fibre
size, the uncoupled capillarization after 55 days of bed rest
may put the muscle in an advantageous position for subse-
quent recovery. In support of this suggestion, it has been
shown that a denser microvascular network enhances the hy-
pertrophic responses to resistance training in older people.*®
Figure 5 illustrates that this higher capillary density allows fi-
bre growth without the requirement of capillary prolifera-
tion, which is significant as angiogenesis may well be im-
paired after a period of immobilization.>®

Effects of artificial gravity

Contrary to our expectation, the artificial gravity intervention
did not attenuate the bed-rest-induced decrements in fibre
size, capillarization or oxidative capacity. Other studies, how-
ever, have found benefits of artificial gravity. The discrepancy
may be related to the duration and/or applied G-forces,
where in our study participants underwent 30 min of artificial
gravity of 2G at the foot, compared with 1 h and 2.5 G in the
other studies.*”*® Therefore, it may be that the dose and du-
ration of artificial gravity intervention were insufficient to in-
duce the muscle-sparing effect. Even though artificial gravity
did not attenuate the bed-rest-induced muscle atrophy, loss
of oxidative capacity and capillary rarefaction, the absence
of any negative effects of centrifugation in the present study
supports the use of this modality if it is effective in mitigating
other unfavourable effects of bed rest.

Limitations

Further preliminary confirmation of the decrease in oxidative
capacity with bed rest has been provided through the direct
measurement of oxidative phosphorylation with perme-
abilized muscle fibres.3? However, the method of quantitative
histochemistry of SDH used in the present study allowed us
to study the relationship between oxygen supply and oxida-
tive demand of muscle fibres within the context of the capil-
lary bed in muscle cross sections in the form of LCFR/SDH-INT
and modelled estimates of PO,, something that cannot be
done in saponin-treated fibres.

Conclusions

Significant muscle fibre atrophy and capillary rarefaction, as
reflected by the decreased C:F ratio, can be observed after
just 6 days of bed rest in both the postural soleus and
non-postural vastus lateralis muscle. This indicates that early
interventions may be necessary to prevent these decrements
in muscle morphology. In addition, the relationship between
fibre size and oxidative capacity with the capillary supply of
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a fibre is uncoupled during prolonged bed rest as reflected by
a rapid loss of muscle mass and capillaries, followed at later
stages by a more than proportional loss of mitochondria
without further capillary loss. The resulting excessive capil-
lary supply of the muscle after prolonged bed rest is advanta-
geous for the delivery of substrates needed for subsequent
muscle recovery.
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