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Abstract

After skeletal muscle injury, unloading disturbs the regenerative process of injured myofibers, in a manner highly attributed
to impairment of macrophage functions. However, the effect of unloading on the spatiotemporal context of proinflamma-
tory macrophage recruitment and satellite cell accumulation within the damaged area remains unclear. This study focused
on macrophages expressing inducible nitric oxide synthase (iNOS) that synthesize nitric oxide, a key regulator of muscle
regeneration, and compared the continuous hindlimb unloading (HU) by tail suspension versus weight-bearing (WB) after
skeletal muscle crush injury in rats. We found that in the WB group, the recruitment of iNOS™ proinflammatory macrophages
into the injured site gradually increased until their peak number at 48 h post-injury. In the HU group, the accumulation of
iNOS™ macrophages until 48 h after injury was significantly less than that in the WB group and continued to increase at 72 h.
In accordance with attenuated and/or delayed iNOS™ macrophage recruitment, whole iNOS expression at 24 and 48 h after
injury was weakened by unloading. Additionally, in the HU group, satellite cell content of dystrophin-positive non-injured
areas diminished at 48 h after injury, and the numbers of activated satellite cells within the regenerating area at 72 and 96 h
post-injury were significantly smaller than those in the WB group. These findings suggest that muscle regeneration under
unloading conditions results in attenuated and/or delayed recruitment of iNOS* macrophages and lower iNOS expression in
the early phase after muscle injury, leading to perturbed satellite cell accumulation and muscle regeneration.
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Introduction

Loading is one of the regulatory factors for skeletal mus-
cle adaptations. Gravitational unloading such as space-
flight and/or bedrest causes not only atrophy of the skeletal
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Table 1 Actual values of the number of iNOS-expressing macrophages at different time points after muscle injury shown in Fig. 3

6h 12h 24h 48h 72h 96 h
WB 82+1.0° 21.8+2.2.2¢ 37.3+1.5%¢ 52.2+4.5%¢ 8.7+1.2° ucC
HU 27+09 120+1.7° 20.8+3.7° 36.6+1.0° 51.4+2.8" 16.1+2.1°

Data are expressed as the mean+ SD, and statistical significance was assessed with two-way ANOVA followed by Bonferroni’s multiple com-

parison test

ANOVA analysis of variance, HU hindlimb unloading, SD standard deviation, UC uncountable, WB weight-bearing

p<0.05vs. WBat6h
°p<0.05 vs. HU at 6 h
‘p<0.05 vs. HU at the same time points. n =3, per group per time point

of damaged muscles (Juban and Chazaud 2017; Tidball
2017). After muscle injury, a massive number of proin-
flammatory macrophages rapidly accumulate in damaged
myofibers prior to satellite cell activation (Kohno et al.
2012). Proinflammatory macrophages then convert into
anti-inflammatory macrophages within regenerating mus-
cle fibers (Arnold et al. 2007; Varga et al. 2013). Numer-
ous studies have established that these distinct types of
macrophages each exert a specific function throughout the
entire process of muscle regeneration (Arnold et al. 2007;
Bencze et al. 2012; Saclier et al. 2013).

Nitric oxide, a potent signaling molecule, is synthesized
from L-arginine by nitric oxide synthase (NOS) (Stamler and
Meissner 2001), and it regulates proper muscle regenera-
tion through modulating the activation and proliferation of
satellite cells (Anderson 2000; Filippin et al. 2011; Buono
et al. 2012). In the acute phase after muscle injury, neuronal
NOS, which is the primary isoform of NOS in skeletal mus-
cles, almost completely disappears (Rigamonti et al. 2013).
Meanwhile, inducible NOS (iNOS) rapidly increases and is
mostly expressed in macrophages (Rigamonti et al. 2013),
suggesting that iNOS derived from macrophages largely
contributes to nitric oxide production during the early phase
of muscle regeneration.

A previous study revealed that unloading after skel-
etal muscle injury retards the infiltration of macrophages
into the injured site (Kohno et al. 2012). Proinflammatory
macrophages that initially invade the damaged myofibers
express iNOS and synthesize nitric oxide (Villalta et al.
2009; Tidball and Villalta 2010). Therefore, here we inves-
tigated the effect of unloading on the spatiotemporal context
of iNOS-expressing macrophage recruitment and satellite
cell accumulation after muscle injury to discuss the rela-
tionship between proinflammatory macrophages and satel-
lite cells during muscle regeneration. In the present study,
we demonstrate that unloading after skeletal muscle injury
attenuated and/or delayed the recruitment of iNOS-express-
ing macrophages. Additionally, these phenomena preceded
the perturbation of satellite cell accumulation, causing poor
muscle regeneration.
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Materials and methods
Animals

Eighty, 8-week-old male Wistar rats weighing 180-200 g
(Japan SLC Inc., Shizuoka, Japan) were used. Rats were
allowed free access to food and water throughout the
experiments. All animals were housed in a controlled
environment at 22 °C +2 °C with a 12 h light/dark cycle.
This study was approved by the Institutional Animal Care
and Use Committee and performed according to the Kobe
University Animal Experimentation Regulations (approval
number: P180706).

Experimental procedures

Muscle injury was induced by crushing the extensor digi-
torum longus (EDL) muscle according to previous reports
(Takagi et al. 2011; Hatade et al. 2014; Takeuchi et al.
2014; Miyakawa et al. 2020). Specifically, animals were
anesthetized by isoflurane inhalation, the anterolateral sur-
face of their left hindlimb was shaved, and a longitudinal
incision approximately 20 mm long was made to expose
the EDL muscle. The middle part of the muscle belly was
crushed for 30 s using forceps to which a 500 g weight
was attached. Immediately after injury, the skin was
closed with a 4-0 suture. Then, animals were randomly
divided into two groups: weight-bearing control (WB)
and hindlimb unloading (HU). Animals in the WB group
were allowed free cage activity throughout the experimen-
tal period. In the HU group, hindlimbs of the rats were
unloaded immediately after muscle injury until euthanasia,
using a previously described method (Morey et al. 1979)
with a slight modification. Briefly, tails were wrapped in
hypoallergic orthopedic tape and were suspended using a
string just high enough to prevent the hindlimbs from bear-
ing weight on the floor or the sides of the cage. The HU
rats could reach food and water freely using their forelimbs
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during the regenerative process. At 6, 12,24, 48 h (n=7,
respectively), 72 and 96 h, days 7 and 14 (n=3, respec-
tively) after injury, animals were euthanized, and EDL
muscles were harvested. The right EDL muscles of all rats
were collected as non-injured control. These samples were
immediately frozen in dry-ice-cooled acetone and stored at
— 80 °C until analysis. The samples at 6, 12, 24, and 48 h
after injury were used for morphological analysis (n=3/
group at each time point) and for western blot analysis
(n=4/group at each time point). The remaining samples
at 72 and 96 h, days 7 and 14 were used for morphological
analysis (n=23/group at each time point).

During the regenerative processes of the WB and HU
groups, the food intake, water consumption, and body
weight of each animal were recorded daily. Basically, in
both groups, food intake and water consumption per animal
per day were similar, which was approximately 20 g in food
intake, and was approximately 20 ml in water consump-
tion. In the HU group, only at the measurement of the next
day after HU, some animals took a smaller amount of food
(10-15 g). However, except for that day, no animals that
showed abnormal food intakes and water consumptions were
observed in the HU group. Due to the 14 days of regenera-
tive periods, body weights of animals in both WB and HU
groups increased (WB, +59.0+4.6 g; HU, +36.0+5.6 g)
with significantly smaller increase of body weight in the HU
group, compared to the WB group (P <0.05).

Morphological analysis

Transverse cryosections (10 pm) of frozen EDL muscles
were obtained by cutting with a cryostat (CM-3050S, Leica
Microsystems, Wetzlar, Germany), then these sections
were mounted on glass slides. Some sections were used
for hematoxylin and eosin (H&E) staining, and others were
used for immunohistochemistry as described below. All
H&E-stained sections were viewed on an Olympus BX50
microscope (Olympus, Tokyo, Japan) with objectives (UPla-
nApo 20x/0.70 NA or UPlanApo 40 x/0.85 NA, Olympus).
Images were recorded with an EOS Kiss X8i camera (max
resolution 6000 % 4000 pixels, Canon Inc., Tokyo, Japan)
using EOS utility software (Canon Inc.).

Immunohistochemistry

Cryosections were air-dried for 15 min at room temperature,
fixed with 4% paraformaldehyde, washed in phosphate-buff-
ered saline (PBS), blocked and permeabilized with PBS con-
taining 10% normal goat serum and 1% Triton X100 for 1 h
at room temperature, and incubated with primary antibodies
overnight at 4 °C or for 1 h at room temperature. Primary
antibodies included mouse monoclonal anti-CD68 antibody
(1:200, MCA341GA, Batch# 0515, Bio-Rad, Hercules, CA,

USA), rabbit polyclonal anti-iNOS antibody (1:100, ab3523,
lot# GR3230433-8, Abcam, Cambridge, UK), mouse mon-
oclonal anti-Pax7 antibody (1:20, sc-81648, lot# G1916,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), rab-
bit polyclonal anti-MyoD antibody (1:400, 18943-1-AP,
lot# 00025860, Proteintech, Chicago, IL, USA), and rab-
bit polyclonal anti-dystrophin antibody (1:200, sc-15376,
lot# F0910, Santa Cruz Biotechnology); these were diluted
with PBS containing 5% normal goat serum. After wash-
ing the sections three times in PBS, samples were visual-
ized using appropriate species-specific Alexa Fluor 488
and/or 568 fluorescence-conjugated secondary antibodies
(1:1000, Thermo Fisher Scientific, Waltham, MA, USA)
diluted with PBS containing 5% normal goat serum for 2 h
at room temperature. After washing in PBS, sections were
mounted in Vectashield mounting medium (Vector Labora-
tories, Burlington, ON, Canada) containing 4'-6-diamino-
2-phenylindole (DAPI) to visualize nuclei. Samples were
viewed on a ZEISS Axio Vert. Al with an objective (LD
A-Plan 40 x/0.55 NA, ZEISS) and photographed with an
AxioCam MRm (max resolution 1388 x 1040 pixels) using
AxioVision Rel. 4.8 software (ZEISS).

Quantification of muscle regeneration

Muscle regeneration was quantified by measuring cross-
sectional area (CSA) of centrally nucleated regenerating
myofibers at days 7 and 14 after injury using the method
previously described (Lu et al. 2011). Briefly, at X 20 mag-
nification of objective lens, five sections from each speci-
men separated by > 50 pm underwent H&E staining, and
five non-overlapping areas of each section were digitally
captured. The distribution of fiber sizes was analyzed from
the CSA of centrally nucleated regenerating myofibers and
expressed as a percentage of myofibers. Analyses of CSA
in all centrally nucleated myofibers were performed on
891.2 +138.4 fibers (day 7) and 529.2 +152.3 fibers (day 14)
per animal using Image J software (http://rsbweb.nih.gov/ij).

Quantitative analyses of iNOS-expressing
macrophages and satellite cells

Cell number quantification of iNOS-expressing macrophages
and activated satellite cells was performed as described else-
where (Singh et al. 2017). Briefly, at X 40 magnification of
objective lens, 10 fields were captured and quantified for
all animals per group and time point. CD68TiNOS™* cells
(iNOS* macrophages) and Pax7tMyoD* cells (activated
satellite cells) were counted and expressed as the number
of cells per field. The 10 fields were averaged, and a single
value was recorded per animal. iNOS™ macrophages in the
WB group at 96 h after injury were uncountable, because
the injured area was filled up with embryonic (regenerating)
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muscle cells that express iNOS (Kaliman et al. 1999) and
the macrophages were observed in close proximity to these
cells.

To determine satellite cell content of non-injured areas
on the injured cross section, double-immunolabeling for
Pax7 and dystrophin was performed. Dystrophin is one of
cytoskeletal proteins and loss of dystrophin is a great fea-
ture of damaged myofibers (Lovering and De Deyne 2004).
Therefore, we defined the area that is filled up with dystro-
phin-positive myofibers as the non-injured area of damaged
muscles, and quantified Pax7* satellite cells observed among
the dystrophin-positive non-injured myofibers as previously
described (Le Moal et al. 2018). Briefly, at x 20 magnifi-
cation of objective lens, 10 fields were captured, and the
number of Pax7" cells was counted. Satellite cell content
was determined on an average of > 423 fibers per animal
and expressed as the number of Pax7* cells per 100 fib-
ers. All quantitative analyses were performed using Image J
software described above, and positive cells were detected
by the visual judgment of one observer.

Western blot analysis

Portions (approximately 25 mg) of frozen injured muscle
samples were homogenized in PRO-PREP (iNtRON Bio-
technology Inc., Gyeonggi-do, Korea). The homogenates
were centrifuged at 15,000xg for 30 min at 4 °C, and super-
natants were collected. Proteins (45 pg/lane) were separated
by 7.5% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride (PVDF) membranes (GE Healthcare, Chalfont St
Giles, UK). After blocking for 1 h in Tris-buffered saline
with Tween 20 (TBS-T) containing 20 g/L. skim milk, the
membranes were incubated with rabbit polyclonal anti-iNOS
antibody (1:500, ab3523, lot# GR3230433-8, Abcam) over-
night at 4 °C. The membranes then were incubated for 1 h at
room temperature with horseradish peroxidase (HRP)-conju-
gated anti-rabbit secondary antibody. Blots were developed
using the Clarity Max Western ECL Substrate (Bio-Rad) and
recorded with OptimaShot CL-420a (Fujifilm Wako Pure
Chemical Co., Osaka, Japan). Quantitative analysis was per-
formed using Image J software described above.

Statistical analyses

Data are expressed as the mean + standard deviation. All
experiments were carried out with at least three different
animals. Comparisons were performed using the Student’s ¢
test or two-way (group X time) analysis of variance followed
by Bonferroni post hoc test. P values < 0.05 were considered
statistically significant. Statistical analyses were performed
with IBM SPSS Statistics version 22 (SPSS Japan Inc.).
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Results

Unloading during muscle regeneration attenuated
and/or delayed iNOS-expressing macrophage
recruitment and weakened iNOS protein expression

Earlier regenerative process of crush-injured muscle fib-
ers could be seen in the H&E-stained section of both
groups (Fig. la—c, g—i). By 24 h after injury, polynuclear
cells (possibly neutrophils) and mononuclear cells gradu-
ally accumulated in necrotic myofibers of both groups
(Fig. 1a—c, g—i). In the WB group, necrotic myofibers were
filled with invading cells and contour of necrotic myofib-
ers became undetectable at 24 h after injury (Fig. lc).
However, at the same time point of the HU group, inflam-
matory cell infiltration was dampened and the shape of
necrotic myofibers was still recognized (Fig. 11).

To investigate whether mononuclear cells within
the injured site are iNOS-expressing proinflammatory
macrophages, double-immunolabeling for CD68 (mac-
rophages) and iNOS was performed. In Figs. 1, 2, iNOS™*
macrophages could be detected as double-positive color
(yellow) of CD68 and iNOS surrounding the nucleus
(DAPI, blue). In the WB group, several iNOS* mac-
rophages were observed in damaged areas at 6 h after
injury (Fig. 1d), and the infiltration of iNOS* macrophages
gradually became more abundant by 24 h post-injury
(Fig. 1e, f). On the contrary, the recruitment of iNOS*
macrophages into the injured site was attenuated in the HU
group (Fig. 1j-1). At 48 h after injury, in the WB group,
massive numbers of iNOS* macrophages were observed
(Fig. 2c). Then the number of these cells rapidly declined
at 72 h post-injury (Fig. 2d), concurrently with the emer-
gence of numerous anti-inflammatory macrophages (see
Supplementary Fig. 1) and small regenerating muscle cells
with central nuclei (Fig. 2b, arrows). By contrast, in the
HU group, infiltration of iNOS* macrophages continued
to increase by 72 h (Fig. 2g, h) and regenerating muscle
cells could not be detected at 72 h after injury (Fig. 2f).
Quantitative analysis showed that until 48 h after injury,
the numbers of iNOS* macrophages within the damaged
areas were fewer in the HU group than those in the WB
group, but at 72 h after injury, iNOS* macrophages were
more abundant in the HU group than in the WB group
(Fig. 3). In the HU group at 96 h after injury, the numbers
of iNOS™ macrophages decreased (Fig. 3) and several anti-
inflammatory macrophages were observed (see Supple-
mentary Fig. 1). These results demonstrated that unloading
attenuated and/or delayed iNOS™ macrophage recruitment
to the injured site.

Because iNOS* macrophages have been identified as
major contributors of iNOS expression in the acute phase
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Fig. 1 Morphological charac-

teristics of injured muscles and
iNOS-expressing macrophage
infiltration at 6, 12, and 24 h
after muscle injury. Serial cross
sections of injured muscles
from the WB (a—f) and HU
(g-1) groups were analyzed by
hematoxylin and eosin staining
(a—c, g-i), and immunofluo-
rescence (d—f, j-1) for CD68
(green, macrophages) and iNOS
(red). Nuclei were stained

with DAPI (blue; d—f, j-1).
Arrowheads indicate iNOS-
expressing macrophages. These
macrophages are identified as
double-positive color (yellow)
of CD68 and iNOS surrounding
the nucleus (blue). The same
numbers represent the same
myofiber localizations. Scale
bars, 20 pm. Abbreviations:
DAPI, 4’-6-diamino-2-phenylin-
dole; HU, hindlimb unloading;
WB, weight-bearing

after muscle injury (Rigamonti et al. 2013), we next exam-
ined whole iNOS expression in injured muscles from the
WB and HU groups. iNOS expression was not detected in
non-injured muscles (data not shown), and iNOS expres-
sion was still scarcely detected in both WB and HU groups
until 12 h after injury (Fig. 4a). In the WB group, iNOS
expression increased at 24 h and peaked at 48 h after
injury (Fig. 4a, b), consistent with the iNOS* macrophage
accumulation shown in Figs. 1, 2, 3. In the HU group, the
levels of iNOS expression at 24 and 48 h after injury were
lower than those in the WB group (Fig. 4). Surprisingly,
iNOS expression level in the HU group at 48 h after injury
was still faint (Fig. 4), despite the similar levels of iNOS-
expressing macrophage infiltration with the WB group
at 24 h post-injury (Fig. 3). Taken together, these data
showed that unloading immediately after muscle injury
weakened whole iNOS expression in the early phase of
muscle regeneration congruently with attenuated and/or
delayed iNOS* macrophage recruitment.

after injury
12h

Unloading during muscle regeneration perturbed
satellite cell accumulation

To determine whether unloading affects the accumulation
of activated satellite cells within the regenerating area,
we performed double-immunolabeling for Pax7 (satellite
cells) and MyoD. At 48 h after injury, Pax7*MyoD™ cells
(activated satellite cells) were hardly detected within the
regenerating areas of both WB and HU groups (data not
shown). At 72 h after injury, numerous activated satellite
cells were noted within the regenerating area in the WB
group (Fig. 5d), whereas these cells were almost com-
pletely undetected in the HU group (Fig. 5h). The number
of activated satellite cells in the HU group at 72 h post-
injury (0.1 +0.1/field) were smaller than that in the WB
group (7.2+0.5/field) (Fig. 5q). At 96 h after injury, the
number of activated satellite cells increased in both WB
and HU groups (Fig. 51, p). However, the number of these
cells remained smaller in the HU group compared with
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Fig.2 Morphological charac-

teristics of injured muscles and
iNOS-expressing macrophage
infiltration at 48 and 72 h after
muscle injury. Serial cross sec-
tions of injured muscles from
the WB (a—d) and HU (e-h)
groups were analyzed by hema-
toxylin and eosin staining (a, b,
e, ), and immunofluorescence
(c, d, g, h) for CD68 (green,
macrophages) and iNOS (red).
Nuclei were stained with DAPI
(blue; ¢, d, g, h). Arrowheads
indicate iNOS-expressing mac-
rophages. These macrophages
are identified as double-positive
color (yellow) of CD68 and
iNOS surrounding the nucleus
(blue). The same numbers
represent the same myofiber
localizations. Scale bars, 20 pm.
DAPI 4'-6-diamino-2-phenylin-
dole, HU hindlimb unloading,
WB weight-bearing

H&E

WB

CD68 /iINOS / DAPI

HU
H&E

CD68 /iINOS / DAPI

that of the WB group (WB, 12.3 +3.0 vs. HU, 3.77 +2.3/
field) (Fig. 59).

Because no satellite cells appeared within the regener-
ating areas of either WB or HU groups at 48 h after injury,
we investigated satellite cell content of non-injured areas
on the injured cross section using double-immunolabe-
ling for Pax7 and dystrophin (plasma membrane). Pax7"
satellite cells were observed among dystrophin-positive
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after injury

non-injured myofibers both in the WB and HU groups
(Fig. 6a, b). Interestingly, the HU group had fewer satel-
lite cells in the non-injured area compared with those of
the WB group (WB, 20.0+0.9 vs. HU, 8.1 + 1.4/100 fib-
ers) (Fig. 6¢). Overall, these results indicated that unload-
ing after muscle injury perturbed the accumulation of sat-
ellite cells within the regenerating area.
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Fig.3 Chronological changes in the number of iNOS-expressing
macrophages after muscle injury. 10 non-overlapping fields per
animal were counted (n=3, per group per time point). Values are
expressed as the mean+SD, and statistical significance was assessed
with two-way ANOVA followed by Bonferroni’s multiple comparison
test. Statistical differences between groups are only shown. Actual
values and all statistical analyses are indicated in Table 1. *P <0.05.
ANOVA analysis of variance, HU hindlimb unloading, SD standard
deviation, UC uncountable, WB weight-bearing
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Fig.4 Time course of the changes in iNOS protein expression after
muscle injury. Representative blots (a) and quantification of iNOS
protein expression in whole muscle lysates of injured muscles from
the WB and HU groups at 6, 12, 24, and 48 h after injury (b) (n=4,
per group per time point). The levels of iNOS protein expression were
normalized to the GAPDH levels and expressed as the fold changes
(a.u.) from the value in the WB group at 6 h after injury. Values are
expressed as the mean+ SD, and statistical significance was assessed
with two-way ANOVA followed by Bonferroni’s multiple compari-
son test. *P <0.05 versus WB at 6 h after injury. $P <0.05 versus HU
at the same time points. ANOVA analysis of variance, HU hindlimb
unloading, SD standard deviation, WB weight-bearing

Unloading after muscle injury impaired muscle
regeneration

We followed the later regenerative process of injured myofib-
ers in H&E-stained sections in the WB and HU groups until
day 14 after injury and evaluated muscle regeneration.
At 24 h after injury, numerous inflammatory cells were
observed within necrotic fibers in the WB group (Fig. 7b).
By 96 h post-injury in the WB group, the accumulation of
inflammatory cells was replaced by the appearance of small
regenerating myofibers with central nuclei (Fig. 7c). The
size of these regenerating myofibers became larger at day 7
(Fig. 7d), and became further mature and the injured areas
recovered their normal architecture at day 14 (Fig. 7e). By
contrast, the HU group showed the attenuated infiltration of
inflammatory cells at 24 h after injury (Fig. 7g). Notably, at
96 h post-injury in the HU group, a large number of mono-
nuclear cells still presented within the necrotic fibers, and
regenerating myofibers were scarcely seen (Fig. 7h). By day
14, newly formed myofibers appeared within the regenerat-
ing area, and they gradually became larger (Fig. 7i, j). The
CSAs of centrally nucleated regenerating myofibers at days
7 and 14 in the HU group were smaller than those in the WB
group (day 7: WB, 575.4+100.8 vs. HU, 279.0 + 53.6 pm?;
day 14: WB, 1803.7 +243.8 vs. HU, 728.2 +123.3 um?)
(Fig. 8a, c), and CSA distributions of regenerating myofib-
ers in the HU group showed a general shift toward smaller
sizes compared with those of the WB group (Fig. 8b, d).
These findings indicated that unloading after skeletal muscle
injury jeopardized muscle regeneration.

Discussion

Skeletal muscle regeneration is a tightly coordinated and
dynamic process that involves the highly regulated interac-
tion between immune cells and myogenic precursor cells
(Saclier et al. 2013; Tidball 2017). Macrophages are the pre-
dominant leukocytes observed at each time point of skeletal
muscle regeneration following injury, and they exert specific
and dynamic functions throughout the entire regenerative
process (Chazaud 2016). In the present study, we found that
unloading after muscle injury (i) attenuates and/or delays
the recruitment of iNOS-expressing proinflammatory mac-
rophages, (ii) delays the emergence of activated satellite
cells within the regenerating area, (iii) reduces the satellite
cell content of the non-injured area, and (iv) leads to the
impairment of muscle regeneration. The present study thus
reveals a novel relationship between inflammatory cells and
aberrant muscle regeneration under unloading conditions.
The present study shows that attenuated and/or delayed
recruitment of iNOS-expressing macrophages (Figs. 1, 2, 3)
coincided with the reduced whole iNOS expression (Fig. 4)
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Fig.5 Activated satellite cell

72 h after injury

accumulation within the regen-
erating area at 72 and 96 h after
muscle injury. a—p Representa-
tive images of activated satellite
cells within the regenerating
areas from the WB a-d, i-1 and
HU e-h, m—p) groups after
injury. Cross sections from
injured muscles were analyzed
by immunofluorescence for
Pax7 (green, satellite cells)

and MyoD (red). Nuclei were
stained with DAPI (blue).
Pax7*MyoD" activated satellite
cells color white in merged
images (arrowheads; d, h, 1, p).
Scale bars, 20 pm. q Quantifica-
tion of the number of activated
satellite cells at each time point.
10 non-overlapping fields per
animal were counted (n=3, per

MyoD DAPI

96 h after injury

group per time point). Values
are expressed as the mean+SD,
and statistical significance was
assessed with Student’s ¢ test.
*P <0.05. DAPI 4'-6-diamino-
2-phenylindole, HU hindlimb
unloading, SD standard devia-
tion, WB weight-bearing

in the HU group. During the acute phase of muscle regen-
eration, iNOS is restrictedly expressed in infiltrating mac-
rophages and modulates early activation and proliferation
of satellite cells (Rigamonti et al. 2013). Intriguingly, it was
reported that unloading immediately after muscle injury did
not alter the mitotic behavior of satellite cells during the
early stages of muscle regeneration (Mozdziak et al. 1998).
Nevertheless, in the present study, unloading after muscle
injury caused the delayed emergence and reduced number of
activated satellite cells within the regenerating area (Fig. 5).
Moreover, the number of satellite cells localized among the
dystrophin-positive non-injured myofibers at 48 h after
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injury was diminished by unloading (Fig. 6). Therefore, our
results suggest that impeded recruitment of iNOS-expressing
macrophages is at least partially responsible for perturbed
accumulation of satellite cells during muscle regeneration
under unloading conditions.

Accumulating evidence suggests that satellite cells not
only traverse the entire length of a myofiber but also jump
from one fiber to another (e.g., Schultz et al. 1985; Phil-
lips et al. 1990; Siegel et al. 2009) and they migrate in a
nitric-oxide-dependent manner (Otto et al. 2011; Collins-
Hooper et al. 2012). We found in the present study that
unloading after muscle injury retarded the recruitment of
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Fig.6 Satellite cell content of non-injured areas on the injured cross
section in both WB and HU groups at 48 h after muscle injury. a, b
Representative images of satellite cells observed among the dystro-
phin-positive non-injured myofibers. Immunofluorescence for Pax7
(green) and dystrophin (red) were performed. Nuclei were stained
with DAPI (blue). Arrows indicate Pax7" satellite cells. Scale bars,

iNOS-expressing macrophages (Figs. 1, 2, 3), preceding
the reduction of satellite cell content of the non-injured
area (Fig. 6). Interestingly, iNOS-expressing macrophages
were also noted in the interstitial spaces among non-injured
myofibers (see Supplementary Fig. 2), indicating the pos-
sibility that iNOS-expressing macrophages are associated
with satellite cell migration toward the site where regenera-
tion occurs. Thus, we deduce that attenuated and/or delayed
recruitment of iNOS-expressing macrophages leads to the
perturbed migration of satellite cells into the regenerating
area during muscle regeneration under unloading conditions.

Consistent with previous studies (Mozdziak et al. 1998;
Kohno et al. 2012), we documented that unloading after
muscle injury disturbed muscle regeneration at days 7 and
14 post-injury (Figs. 7, 8). It has been well established that
unloading conditions cause atrophy of antigravity muscles,
loss of myonuclei, and depressed number of satellite cells
(e.g., Goto et al. 2003; Wang et al. 2006). However, EDL
muscles might be still under tension due to the abnormal
plantar flexion of hindfeet during HU (Riley et al. 1990)

HU

20 pm. (c) Quantification of the number of satellite cells localized
between non-injured myofibers per 100 myofibers (n=3, per group).
Values are expressed as the mean+SD, and statistical significance
was assessed with Student’s ¢ test. *P<0.05. DAPI 4'-6-diamino-
2-phenylindole, HU hindlimb unloading, SD standard deviation, WB
weight-bearing

and a previous study demonstrated that EDL muscles in rats
were not atrophied by 28 days of HU (Zhang et al. 2010). In
addition, during post-injury skeletal muscle regeneration,
unloaded muscles failed to upregulate atrophy-associated
ubiquitin ligases such as MAFbx/Atrogin-1 and MuRF-1,
possibly because myofibers were destroyed or immature dur-
ing the regenerative process (Kohno et al. 2012). Based on
these previous findings, there might be negligible effects
of lack of tension and muscle atrophy on the jeopardized
muscle regeneration in rat EDL muscles shown in the pre-
sent study.

A limitation of this study is that we did not measure the
direct relationship between iNOS-expressing macrophages
and satellite cells. In this study, iNOS-expressing mac-
rophage infiltration was followed by the satellite cell accu-
mulation within the regenerative area in both WB and HU
groups and unloading perturbed the spatiotemporal con-
text of these cells. However, future studies using in vitro
or ex vivo assessments should perform to determine the
interaction between iNOS-expressing macrophages and
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after injury

Non-injured

96 h

after injury
Day 7

Day 14

Fig.7 Histological characterization of muscle regeneration. Mus-
cle cross sections stained with hematoxylin and eosin from the WB
and HU groups at non-injured (a, f), 24 h (b, g), 96 h (c, h), days 7

satellite cells and the effect of unloading on their activi-
ties. Another limitation is that we only examined the role of
macrophages during muscle regeneration under unloading
conditions. Owing to HU, cardiovascular system is altered
and stress-relating factors including catecholamine and cor-
ticosterone are increased (Globus and Morey-Holton 2016).
Macrophage recruitment may also be affected by changes
of blood circulation during HU because it has been demon-
strated that monocytes/macrophages were recruited from the
bone marrow to the blood and then from the blood to injured

@ Springer

(d, i) and 14 (e, j) after muscle injury. Asterisks represent necrotic
myofibers. Scale bars, 20 pm. CSA cross sectional area, HU, hindlimb
unloading, WB weight-bearing

muscles (Lu et al. 2011) and that once the hindlimbs of the
rats were suspended, blood flow to the shaft and marrow in
the femur and tibia were already diminished at 10 min after
HU (Colleran et al. 2000). Future investigations will address
the other potential factors such as vascular aspect and stress
response governing the impaired muscle regeneration under
unloading conditions.

In conclusion, we demonstrate that unloading after skel-
etal muscle injury attenuates and/or delays the recruitment
of iNOS-expressing proinflammatory macrophages, perturbs
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Fig.8 Evaluation of muscle regeneration at days 7 and 14 after
injury. a, ¢ The mean CSA of centronucleated regenerating myofibers
from the WB and HU groups at days 7 (a) and 14 (c) after injury. b,
d The distribution of regenerating myofiber sizes of the WB and HU
groups at days 7 (b) and 14 (d) after injury. Muscle cross sections
stained with hematoxylin and eosin were used to the analyses. Data

satellite cell accumulation, and eventually leads to poor
muscle regeneration. The present study could enhance our
understanding of the relationship between proinflammatory
macrophages and satellite cells in the early phase of skeletal
muscle regeneration.
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