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The relationship between myonuclear number and protein
synthesis in individual rat skeletal muscle fibres
Satoru Ato1,2,* and Riki Ogasawara1,*

ABSTRACT
Skeletal muscle has numerous nuclei within a cell. The nucleus is
considered as the central organelle for muscle protein synthesis
(MPS). However, it is unclear whether myonuclear number is
associated with MPS capacity within the individual muscle fibres.
Therefore, the purpose of the present study was to reveal the
relationship betweenmyonuclear number per unit muscle fibre length
and MPS under basal and conditions of elevated MPS by high-
intensity muscle contraction (HiMC) using an in vivo nascent protein
labelling technique (SUnSET) in rodents. We found that myonuclear
number was positively correlated with MPS in individual muscle fibres
in the basal condition. Similarly, ribosomal protein S6 (rpS6) content,
which is a rough estimate of ribosome content, was positively
correlated with MPS. However, myonuclear number was not
associated with rpS6 content. In contrast to the basal condition,
whenMPSwas increased byacuteHiMC, no correlationwas observed
between myonuclear number and MPS, but the association between
rpS6 and MPS was maintained. Importantly, these observations
indicate that the number of nuclei in individual myofibers is related only
to MPS at rest. However, the ribosome content in individual fibres is
related to MPS of individual myofibers both at rest and following HiMC.
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INTRODUCTION
Skeletal muscle is an essential motor organ in various animals.
Skeletal muscles undergo significant changes in muscle mass and
function in response to changes in the external environment and
other stimuli. The balance between protein synthesis and
breakdown within skeletal muscle cells is considered to play an
important role in the regulation of skeletal muscle cell size. Both
muscle protein synthesis (MPS) and muscle protein breakdown
(MPB) change during atrophy and hypertrophy, but the changes in
MPS are greater than those in MPB. Thus, protein synthesis is
considered the key determinant of skeletal muscle mass (Goodman
et al., 2011a; Ogasawara et al., 2016; You et al., 2015).
Mature skeletal muscle cells function as syncytia, which are fused

by multiple muscle progenitors during development (Lepper et al.,
2011; Sambasivan et al., 2011). This generates skeletal muscle fibres
with numerous nuclei within each cell. The reason mature skeletal
muscle forms syncytia is unclear. The myonuclear number within

cells has been strongly correlated with skeletal muscle cell size in vivo
(Allen et al., 1995; Ato et al., 2019; Roy et al., 1999). Moreover,
myonuclear number increases through the differentiation of skeletal
muscle stem cells, concomitant with muscle hypertrophy due to
intense muscle contraction, such as in mechanical overload and
resistance training. The extent of the increase in myonuclear number
by resistance training is positively associatedwithmuscle hypertrophy
(Ato et al., 2019; Snijders et al., 2016). The nucleus plays a central role
in protein synthesis via ribosome synthesis and mRNA supply (Hall
and Ralston, 1989; Thomson et al., 2013). Thus, myonuclear number
is probably associated with MPS capacity at rest or during increased
protein synthesis caused by muscle hypertrophic stimuli such as
intense muscle contraction (Gundersen, 2016; Petrella et al., 2008).
However, it is technically difficult to assess protein synthesis and the
number of myonuclear cells within a single muscle fibre.
Consequently, the relationship between the number of myonuclei
and the ability to synthesisemuscle proteins has not yet been clarified.

Approaches to labelling newly synthesised proteins using isotopic
labelling techniques (e.g. radioisotopes and stable isotopes) have been
used for half a century. These approaches have revealed the protein
synthetic response in vivo (Anthony et al., 2000; Morkin, 1970).
Puromycin is a structural analogue of tyrosyl-tRNA, and it can be
incorporated into the elongating nascent polypeptide via a peptide bond
under very low doses and with a short exposure period, without
inducing any stress response (Schmidt et al., 2009). Thus, puromycin-
based nascent polypeptide labelling (the in vivo SUnSET technique)
has been established as a convenient and reliable means to monitor
protein translation using both biochemical and histochemical assays
(Goodman et al., 2011b; Liu et al., 2012; Schmidt et al., 2009), and is
widely used in various tissues and species (Enam et al., 2020;
Goodman et al., 2011b; Ravi et al., 2018). This technique allows the
evaluation of the synthesised protein per unit time and myonuclear
number in amuscle fibre simultaneously. Therefore, we aimed to reveal
the relationship between myonuclear number and protein synthesis
within a single myofiber by applying the in vivo SUnSET technique
under resting and increased MPS conditions due to intense muscle
contraction.

MATERIALS AND METHODS
Animals
The study protocol was approved by the Ethics Committee for
Animal Experiments at Nagoya Institute of Technology (Nagoya,
Japan). Ten week old male Sprague–Dawley rats were purchased
from Japan SLC (Hamamatsu, Japan). The rats were acclimatised in
an environmental room maintained at 22°C with an alternating 12 h
light–dark cycle. Food and water were available ad libitum until the
experiments began.

High-intensity muscle contraction
High-intensity muscle contraction (HiMC) was performed using
our previously described rodent resistance exercise modelReceived 3 March 2021; Accepted 7 April 2021
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(Ogasawara et al., 2016), with some modification. The original
method elicited muscle contraction in the gastrocnemius muscle. In
the present study, the tibialis anterior (TA) muscle was used because
it has more fast muscle fibre than the gastrocnemius muscle. After
an overnight fast, the hair of the lower legs of each rat was removed
under inhaled isoflurane anaesthesia. The rats were placed in the
prone position, and the right lower leg was held on the footplate to
generate a tibia–foot angle of 120 deg. Disposable surface
electrodes were placed to cover the TA muscle. Electrical
stimulation was performed on the right lower leg similar to that
performed in our previous model (10 contractions of 3 s duration,
with a 7 s interval between contractions for five sets, with 3 min
rest intervals). Stimulation frequency (100 Hz) and voltage
(∼30 V) were set to produce maximal tetanic force. The
contralateral non-stimulated left leg served as the control. After
acute muscle contraction, the rats were monitored until they awoke
and were returned to their cages. The rats were killed 6 h after
muscle contraction by the removal of blood from the ventral aorta
under inhaled isoflurane anaesthesia. The TA muscles of both legs
were removed and divided into three pieces for biochemical and
histochemical analyses. In detail, the whole TA muscle was cut
into two parts at the middle of its long-side length. The piece on
the insertion side was frozen in liquid nitrogen-cooled isopentane
embedded with OCT compound. The piece on the origin side was
divided into two parts at the middle of its short side. One piece was
frozen in liquid nitrogen for western blotting; the other was frozen
in liquid nitrogen-cooled isopentane for single fibre isolation. The
samples were stored at −80°C until analysis.

In vivo SUnSET
In vivo SUnSET was performed as previously described (Goodman
et al., 2011b). Briefly, puromycin (0.04 μmol g−1 body mass;
FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan; diluted
in 0.02 mol l−1 phosphate-buffered saline, PBS) was injected
intraperitoneally under anaesthesia 15 min before exsanguination (see
above).

Western blot
The powdered frozen muscle was homogenised with 10 volumes of
ice-cold radioimmunoprecipitation buffer. The homogenate was
then centrifuged at 2000 g for 3 min at 4°C. The resulting
supernatant was collected, and the protein concentration was
measured using the Protein Assay Rapid Kit Wako II (FUJIFILM
Wako Pure Chemical Corporation). The supernatant was mixed with
3× sodium dodecyl sulphate (SDS) sample buffer and heated at
95°C for 5 min. The sample (20 μg protein) was resolved by SDS-
PAGE using a 10% gel, and the proteins were transferred to a
ClearTrans® polyvinylidene fluoride membrane (FUJIFILM Wako
Pure Chemical Corporation). The membrane was blocked with
Bullet Blocking One for Western Blotting (Nacalai Tesque, Kyoto,
Japan). After three washes with Tris-buffered saline containing
0.1% TWEEN® 20 (TBST), the membrane was incubated with
mouse anti-puromycin monoclonal antibody (mAb, cat. no. MABE
343, Merck, Darmstadt, Germany) at 4°C overnight. The following
day, the membrane was washed using TBST and incubated with a
secondary antibody for 90 min at room temperature. After three
washes with TBST, the membrane was incubated with Immobilon
Forte Western HRP substrate (Merck), and chemiluminescence was
detected using a ChemiDoc XRS+ (Bio-Rad Laboratories,
Hercules, CA, USA). Protein band intensity was measured using
Image LabTM 6.0.1 (Bio-Rad) and normalised to a Coomassie Blue-
stained total protein band.

Immunofluorescence of muscle cross-sections
The sample was transversely sectioned at a thickness of 8 μm in a
cryostat at −22°C (OTF 5030, Bright Instruments, Luton, UK).
Sections were placed on MAS-coated glass slides (Matsunami
Glass, Kishiwada, Japan) and rapidly fixed in 4% paraformaldehyde
(PFA) in PBS for 10 min. After three 5 min washes with PBS, the
sections were incubated with blocking buffer (5% goat serum in
0.3% Triton X-100/PBS, PBS-T) for 30 min at room temperature.
After washing 3 times with PBS, the sections were incubated with
mouse anti-puromycin mAb diluted 1:100 in 1% bovine serum
albumin (BSA) in PBS-T at 4°C overnight. The following day, the
sections were incubated with diluted Alexa Fluor® 488-conjugated
goat anti-mouse IgG, F(ab′)2 fragment (Cell Signaling Technology,
Danvers, MA, USA) for 90 min at room temperature. The TA
muscle sections from a rat that was not treated with puromycin were
used to distinguish tissue autofluorescence and puromycin-derived
fluorescence. Then, the sections were counter-stained with CF®350
dye-conjugated wheat germ agglutinin (WGA, Biotium, Fremont,
CA, USA) to visualise the cell membrane. Glass slides were washed
with PBS and mounted with Vectashield® Antifade Mounting
Medium (Vector Laboratories, Burlingame, CA, USA). The sections
were visualised with a semiapochromat (FL) 20×/0.45NA objective
on a fluorescence microscope (IX73, Olympus, Tokyo, Japan)
equipped with a global shutter CMOS camera (AdvanCam-E3RGc,
AdvanVision, Tokyo, Japan). The exposure time and gain were set to
avoid fluorescence signals in a control slide that was not treated with
primary antibody and for samples from a rat that was not treated with
puromycin. Five points per section (which contains 215–284 fibres)
were captured randomly and the average pixel intensity within the
fibres was measured with ImageJ 1.53c software (NIH, Bethesda,
MD, USA). The fibres on the border and edgewere excluded from the
analysis. Representative wide-view tiled images (Fig. 2C) were taken
using an LSM 880 microscope (Carl Zeiss, Oberkochen, Germany).

Single skeletal muscle fibre isolation and
immunofluorescence
Mechanical single fibre isolation from frozen muscle was performed
as previously described (Donaldson, 1984) with some modifications.
We chose this approach because the original technique has the
advantage of excluding the non-muscle nucleus (Konigsberg et al.,
1975; Roy et al., 1999). In detail, 50% glycerol containing 100%
relaxing solution supplemented with protease inhibitor (Halt™
Protease Inhibitor Cocktail, Thermo Fisher Scientific, Waltham,MA,
USA) was pre-cooled to −20°C. A frozen piece of TA muscle was
immersed in the solution and gradually thawed by increasing the
temperature of the chamber from −20 to 0°C overnight. The thawed
muscle was transferred to ice-cold 100% relaxing solution containing
protease inhibitor. Single skeletal muscle fibres were dissected using
fine forceps. These isolated fibres were rapidly fixed for 10 min in 4%
PFA in PBS at room temperature and then washed 3 times in PBS
(5 min each wash). Muscle fibres were then collected in a 1.5 ml tube
using a Pasteur pipette. Permeabilisation and blocking were
performed in 1% Triton X-100 and 5% goat serum in PBS for
30 min at room temperature with gentle shaking. After three PBS
washes, the muscle fibres were incubated with mouse anti-puromycin
mAb diluted 1:100 and rabbit anti-PCM1 polyclonal antibody (cat.
no. HPA023370, Sigma, St Louis, MO, USA) diluted 1:100, mouse
anti-fast myosin mAb (cat. no. M4276, Sigma) diluted 1:100 and
rabbit anti-ribosomal protein S6 (rpS6) mAb (cat. no. 2217, Cell
Signaling Technology) diluted 1:100, or mouse anti-puromycin mAb
diluted 1:100 and rabbit anti-rpS6 mAb diluted 1:100 at 4°C
overnight with gentle shaking. The diluent was 1% BSA and 0.3%
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Triton X-100 in PBS. The antigen–antibody reaction on the slide did
not allow the antibody to penetrate deep into the fibres, even after two
overnight reactions, suggesting that flotation and shakingmethods are
necessary steps to allow the primary antibody to penetrate deeply.
After overnight incubation, the muscle fibres were washed and
incubated with Alexa Fluor® 488-conjugated goat anti-mouse IgG
F(ab′)2 fragment and Alexa Fluor® 555-conjugated goat anti-rabbit
IgG F(ab′)2 fragment (Cell Signaling Technology) in antibody
diluent at 4°C overnight with gentle shaking. The muscle fibres were
washed and placed on a MAS-coated glass slide and mounted with
Vectashield® Antifade Mounting Medium with DAPI (4′,6-
diamidino-2-phenylindole, Vector Laboratories). DAPI was used to
visualise all nuclei attached to the muscle fibres. The verification of
puromycin-derived fluorescence was carried out using muscle fibres
from a rat that was not treated with puromycin, as a negative control
(see Fig. 1B). The other antibodies were validated for reactivity by
reacting only with the secondary antibodies.

Confocal microscopy and data acquisition
Isolated muscle fibres [puromycin/PCM1 labelled: 173 fibres in
total from four non-contracted (87 fibres) and HiMC-subjected (86
fibres) legs of rats, 17–29 fibres per leg; puromycin/rpS6 labelled:
149 fibres in total from four non-contracted (73 fibres) and HiMC-
subjected (76 fibres) legs of rats, 23–30 fibres per leg] were filmed
using a Plan-Apochromat 40×/1.4NA and 63×/1.4 NAoil immersion
objective on a model LSM 880 confocal laser microscope (Carl
Zeiss). For quantitative measurement, anti-puromycin/anti-PCM1
antibody-labelled fibres, and anti-puromycin/anti-rpS6 antibody-
labelled fibres were filmed using a z-stack at 1 μm intervals.
Fluorescencewas emitted by an argon laser for Alexa Fluor® 488 and
by a diode laser for DAPI and Alexa Fluor® 555. Fluorescence
signals and phase contrast images were simultaneously obtained.
Airy disc size was set such that the optical section thickness was
2 μm. Three points were selected at random and photographed per
fibre. The ends of the fibres and neuromuscular junction-like regions
with dense nuclei were excluded. z-Stack images were averaged, and
puromycin-derived fluorescence intensity was measured using
ImageJ 1.53c software (NIH). The length of a muscle fibre was
determined by extracting the edge of the fibre, delineating it, and
averaging the length of this delineation on both sides of the fibre. The
average length of 10 sarcomeres obtained from the phase contrast
imagewas used as the sarcomere length. Themyofiber cross-sectional
area (CSA)was determined byobtaining orthogonal images of the y–z
axis from the z-stack images of puromycin and creating a binary
image. PCM1-positive nuclei were manually counted using the cell
counter plugin in ImageJ and used as the myonuclear number. In this
study, all the nucleus labeled with DAPI in individual muscle fibres
was PCM1 (a myonuclear marker; Winje et al., 2018) positive,
indicating that the non-muscle nuclei were efficiently removed.

Statistical analysis
Paired t-test was used to determine the effect of HiMC on MPS,
rpS6 content and myonuclear number. Pearson’s correlation
coefficient was used to compare the relationship between
myonuclear number, fibre CSA, rpS6 content and MPS.
Statistical analysis was performed with JMP® Pro 14 (SAS
Institute, Cary, NC, USA). Statistical significancewas set atP<0.05.

RESULTS
Characteristics of puromycin-labelled single muscle fibres
First, we confirmed the structural integrity of isolated muscle fibres
by visualisation of myosin and rpS6 (Fig. 1A). Sarcomeric striation

was evident by myosin labelling. In addition, rpS6 was observed
around the nucleus and in an alternating pattern with that of myosin
(A-band), suggesting that ribosomes are abundantly located around
the I-band. Second, we observed anti-puromycin antibody-labelled
protein in isolated single fibres. Puromycin fluorescence in an
isolated muscle fibre (Fig. 1B, top) was abundant as compared with
the negative control (TA muscle fibre obtained from rat that was not
treated with puromycin). The puromycin fluorescence pattern was
similar to that of rpS6 (Fig. 1C). In addition, we confirmed that
puromycin and rpS6 were labelled deep into the fibres, by z-stack
imaging (Fig. 1D,E).

Effect of acute HiMC on MPS in TA muscle
The increase in protein synthesis in TAmuscle following acute HiMC
was confirmed by western blotting (Fig. 2A,B), and immunostaining
of a muscle cross-section (Fig. 2C,D) and isolated muscle fibres
(Fig. 2E,F). Myonuclear number (PCM1-positive nucleus) was
unchanged after acute HiMC; furthermore, rpS6 content within the
fibres was also unaltered by acute HiMC (Fig. 4A,B).

Relationship between myonuclear number per unit fibre
length, ribosome content and MPS under basal and elevated
MPS due to acute HiMC
Myonuclear number per 200 µm fibre length was positively
correlated with MPS in muscle fibres from control legs (Fig. 3A;
r=0.2852, P<0.01). However, the correlation was not observed in
muscle fibres from legs subjected to HiMC treatment (Fig. 3B;
r=−0.0288, P=0.7925).

Myonuclear number per unit fibre length did not correlate with
rpS6 content, either in the control legs (Fig. 3C; r=0.1813,P=0.1244)
or legs subjected to HiMC treatment (Fig. 3D; r=0.0165, P=0.1394).
However, rpS6 content was significantly correlated with MPS, both
in the control legs (Fig. 3E; r=0.5272, P<0.01) and in legs subjected
to HiMC treatment (Fig. 3F; r=0.4836, P<0.01).

Relationship between myofiber CSA and number of
myonuclei, ribosome content and MPS
Finally, we evaluated the relationship between the number of
myonuclei and muscle fibre CSA, and the possible mediating
factors, MPS and ribosome volume. The myonuclear number per
unit fibre length was positively correlated with individual myofiber
CSA (Fig. 4A; r=0.3302, P<0.01). However, the basal MPS within
myofibers was inversely correlated with myofiber CSA (Fig. 4B;
r=−0.3825, P<0.01). Furthermore, basal rpS6 content was not
associated with individual myofiber CSA (Fig. 4C; r=−0.2042,
P=0.0831).

DISCUSSION
The relationship between myonuclear number and MPS in single
muscle fibres was explored at the basal level and with elevated MPS
due to HiMC by visualising myonuclear and synthesised protein
simultaneously using the in vivo SUnSET. Our main finding was
that the myonuclear number per unit fibre length was weakly
correlated with basal MPS but not with HiMC-induced elevated
MPS. In addition, myonuclear number per unit fibre length was not
correlated with rpS6 content, whereas rpS6 content was consistently
correlated positively with MPS in individual muscle fibres both at
rest and with elevated MPS due to HiMC. Furthermore, the number
of myonuclei was positively correlated with myofiber size.
However, MPS was negatively associated with myofiber size,
even though it was weakly but significantly correlated with the
number of myonuclei.
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Glycerol-immersed muscle-derived isolated muscle fibres were
used in this study. This method was originally described by
Donaldson (1984) and has the advantage of excluding non-muscle

cells without affecting immunoreactivity (Konigsberg et al., 1975;
Roy et al., 1999). An alternating pattern of rpS6 and myosin
according to sarcomere striation was observed (Fig. 1A). Several

rpS6

Myosin

Merge

A B

Intensity
Myosin
rpS6

DAPI

Puromycin

Merge

rpS6

Merge

y

z

x

y

z

xIntensity
Puromycin

rpS6

Puromycin

C D

E

rpS6

Puromycin

Fig. 1. Morphological integrity of isolated muscle fibres from freeze-thawed skeletal muscle. (A) Image of an isolated myofiber labelled with anti-rabbit
ribosomal protein S6 antibody (rpS6; magenta in merge) and anti-mouse myosin antibody (green in merge). Fluorescence intensity profiles were obtained from
the regions of interest (ROI) surrounded by dashed squares within merge image. Scale bars: 20 μm. (B) Comparison of anti-puromycin antibody-labelled (green;
top side in the picture) isolated myofiber and the negative control (muscle fibre from a rat not treated with puromycin; bottom side in the picture). Each fibre was
counterstained with DAPI (blue). Scale bars: 1 mm. (C) Image of an isolated myofiber labelled with anti-puromycin antibody (green) and rpS6 (magenta).
Fluorescence intensity profiles were obtained from the ROI surrounded by dashed squares within merge image. Scale bars: 20 μm. (D) Orthogonal projection
image (x–y, x–z and y–z) of puromycin expression in an isolatedmuscle fibre. Scale bars: 20 μm. (E) Orthogonal projection image (x–y, x–z and y–z) of rpS6 in an
isolated muscle fibre. Scale bars: 20 μm.

4

RESEARCH ARTICLE Journal of Experimental Biology (2021) 224, jeb242496. doi:10.1242/jeb.242496

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



Puromycin

DAPI

rpS6

Merge

HiMC – + – +

Animal 5 Animal 6E

Puromycin

DAPI

PCM1

Merge

HiMC – + – +

Animal 1 Animal 2 F

G

HiMC

HiMC
Puromycin

–
+

+ – +

HiMC
– +

HiMC
– +

HiMC
– +

HiMC
– +

+ –

HiMC
Puromycin

–
+

+
+ –

–
+

+
+ –

P<0.05

P<0.05

A B

Puromycin

C D

WGA

H
P<0.05

I

Pu
ro

m
yc

in

C
oo

m
as

si
e 

bl
ue

2.5

2.0

1.5

1.0

0.5

0

M
PS

 (a
.u

.)

2.0

1.5

1.0

0.5

0

M
PS

 (a
.u

.)

0

10

20

30

0

1

2

3

0

0.5

1.0

2.0

1.5

M
yo

nu
cl

ea
r n

um
be

r
(p

er
 2

00
 µ

m
 fi

br
e 

)

M
PS

 (a
.u

.)

rp
S6

 (a
.u

.)

Fig. 2. Effect of acute high-intensity muscle contraction (HiMC) on muscle protein synthesis (MPS) in the tibialis anterior (TA) muscle. (A)
Representativewestern blot of puromycin-labelled protein expression with andwithout HiMC. (B)MPS (a.u., arbitrary units) measured in TAmuscle homogenates
by western blot with and without HiMC (n=4). (C) Anti-puromycin antibody-labelled TA muscle cross-section. All sections were counter-stained with wheat germ
agglutinin (WGA) to visualise the tissue outline. Scale bars: 2 mm. (D) MPS measured from a muscle cross-section via immunofluorescence with and without
HiMC (n=4). (E) Anti-puromycin (green in merge) and anti-PCM1 (magenta in merge) antibody-labelled isolated myofibers from non-contracted legs and legs
subjected to HiMC. Nuclei were stained with DAPI (blue in merge). Scale bars: 20 μm. (F) Anti-puromycin (green) and anti-rpS6 (magenta) antibody-labelled
isolatedmyofibers from non-contracted legs and legs subjected to HiMC. Nuclei were stained with DAPI (blue). Scale bars: 20 μm. (G) Influence of acute HiMCon
the number of PCM1-positive nuclei per 200 μm fibre length. (H) Effect of acute HiMC on MPS in isolated muscle fibres. (H) Effect of acute HiMC on rpS6 content
in isolated muscle fibres. Means and individual values are expressed using a bar and dot plot. Statistical analysis was performed with paired t-tests.

5

RESEARCH ARTICLE Journal of Experimental Biology (2021) 224, jeb242496. doi:10.1242/jeb.242496

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



studies using immunoelectron microscopy and immunofluorescence
previously reported the localisation of ribosomes near the perinuclear
and z-bands (Galavazi and Szirmai, 1971; Larsen and Saetersdal,
1998), and our observations followed this. In addition, puromycin-
labelled protein was also observed in sarcomere striation and
perinuclear regions (Fig. 1B). This labelling pattern was similar to
the known ribosome distribution. In a previous study, it was reported
that O-propargyl puromycin-labelled protein localises along the
sarcomere in the longitudinal muscle section (Liu et al., 2012),
suggesting that protein synthesis occurred in the perinuclear and z-
bands. Alternatively, puromycin-labelled proteins may accumulate
around the perinuclear and z-bands. A recent study suggested that
puromycin-labelled proteins are rapidly released from active
ribosomes and do not necessarily accurately represent the site of

protein synthesis (Enam et al., 2020). Thus, although our
observations may not distinguish between the location of protein
synthesis and the diffusion of synthetic proteins, the isolated muscle
fibres used in the study seemed to maintain their overall
morphological integrity.

TA subjected to acute HiMC displayed significantly elevated
MPS (Fig. 2A,B). This response was consistent with our previous
study (Ogasawara et al., 2016). Additionally, although we could not
distinguish whether the labelling pattern of puromycin represented
the site of translation or was more diffuse, the puromycin-derived
fluorescence intensity was increased by HiMC without affecting the
overall puromycin labelling pattern. The potential accurate
localisation of the newly synthesised myofibrillar proteins and
their location during muscle hypertrophy were recently discussed
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(Jorgenson et al., 2020). This point will be clarified using advanced
techniques, such as click chemistry, in a future study. In addition, we
counted the number of myonuclei using anti-PCM1 antibody
(Winje et al., 2018). All nuclei were PCM1 positive, and the
myonuclear number was unaffected by HiMC in this study
(Fig. 3B). Thus, as in previous studies (Snijders et al., 2012),
acute HiMC, such as resistance exercise, does not appear to cause
changes in the number of myonuclei.
The role of multiple nuclei in skeletal muscle cells on muscle

contraction-mediated hypertrophy has often been discussed
(Bruusgaard et al., 2010; Damas et al., 2018; Gundersen, 2016;
Petrella et al., 2008). In particular, as the nucleus is an important
organelle for ribosome biosynthesis, myonuclear number has been
considered to determine MPS capacity (Gundersen, 2016; Petrella
et al., 2008). We observed that myonuclear number was slightly, but
significantly, correlated with basal MPS (Fig. 3A; r=0.2852,
P<0.01). There was also a significant correlation between rpS6
content and MPS in individual myofibers (Fig. 3E; r=0.5272,
P<0.01). However, there was no association between myonuclear
number and rpS6 content in individual muscle fibres (Fig. 3C;
r=0.1813, P=0.1244). This suggests that factors other than
ribosome content may underlie the correlation between
myonuclear number and MPS in individual myofibers observed in
resting skeletal muscle. The finding of a positive correlation
between ribosome content and MPS in individual muscle fibres
indicates that the positive association between ribosome content and
resting MPS, observed in previous studies at the whole muscle level
(Millward et al., 1973), is established at the level of a single muscle
fibre as well.

In conditions of elevated MPS caused by HiMC, myonuclear
number per unit fibre length was not corelated with MPS in
individual muscle fibres (Fig. 3B; r=−0.0288, P=0.7925), while a
positive correlation was observed between rpS6 content and MPS
(Fig. 3E; r=0.4836, P<0.01). The present results indicate that the
myonuclear number is uncoupled from the acute muscle
contraction-related MPS capacity. However, the association
between ribosome content and MPS was maintained even in
myofibers where MPS was increased by contraction. Therefore, this
suggests that ribosome content may be a determinant of MPS during
early post-contraction recovery. However, this study did not directly
evaluate ribosome content. Therefore, it may be necessary to
evaluate this more accurately using alternative approaches, such as
click chemistry (Kirby et al., 2016).

Here, we evaluated HiMC inducedMPS at 6 h after recovery as the
peak time; the increased MPS induced by HiMC in the form of, for
example, resistance exercise, persists up to 48 h after the recovery of
muscle contraction, and ribosome biogenesis occurs at the late (24 h)
recovery phase (Ogasawara et al., 2016; Phillips et al., 1997; West
et al., 2016). Given that the nucleus functions as the machinery for
ribosome biogenesis, the relationship between the myonuclear
number and MPS response due to muscle contraction might vary
with the duration of recovery after an acute muscle contraction.

It has previously been observed that myonuclear number per unit
fibre length is associated with individual muscle fibre size (Allen
et al., 1995; Bruusgaard et al., 2003; Roy et al., 1999). Most recently,
Cramer et al. (2020) have demonstrated at a causal level that the
number of myonuclei is a limiting factor for the size of myofibers; it
inhibits the fusion of myonuclei during growth of mice genetically
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deficient in myonuclear fusion via Mymk gene knockout. However,
they did not examine protein synthesis as a factor affecting cell size.
In the present study, we observed a positive relationship between
myonuclear number and fibre CSA, as in previous studies, and aweak
correlation between myonuclear number and MPS. In contrast, fibre
CSAwas inversely correlated with MPS and there was no correlation
with ribosome content. This suggests that factors other than ribosome
content andMPS, such as the ability to supplymRNAas described by
Millay’s group (Cramer et al., 2020), may underlie the mechanism by
which myonuclear number regulates growing muscle fibre size. For
the myonuclear number–MPS–fibre CSA relationship, it is known
that slow-twitch muscle fibres, which are smaller in CSA, have more
nuclei and ribosomes, in addition to a higher MPS than fast-twitch
muscle fibres, which are larger, and that there is a paradoxical
relationship between the number of nuclei,MPS andmuscle fibre size
between different muscle fibre types (van Wessel et al., 2010). The
present study suggests that there is a paradoxical relationship for the
myonuclear number–MPS and MPS–fibre CSA even within TA,
which is predominantly composed of fast-twitch (MHC type 2b is
dominant) muscle fibres (Eng et al., 2008), although wewere not able
to classify the muscle fibre types.
Despite the fact that we were not able to investigate the

relationship between myonucleus number, MPS and muscle fibre
size under the conditions of increased muscle size because of
chronic contraction, it is known that the increase in myonuclei and
ribosomes associated with muscle contraction-induced hypertrophy
is related to the degree of muscle hypertrophy (Ato et al., 2019;
Nakada et al., 2016). It has also been observed during chronic
resistance training in humans that the number of myonuclei per
myofiber determined from transverse sections was strongly and
positively correlated with post-exercise MPS, at the whole-muscle
level (Damas et al., 2018). Thus, the myonuclear number–
ribosome–MPS–myofiber size relationship may be dynamic
under conditions of skeletal muscle size change, such as chronic
contraction. These aspects need to be clarified in future studies.
Recently, myonuclei within a single muscle cell have been shown

to transcriptionally and functionally branch at intracellular positions
that include the myotendinous junction (MTJ) and/or the
neuromuscular junction (NMJ) (Dos Santos et al., 2020; Perillo
and Folker, 2018). These specific clusters of myonuclei were
excluded from analysis in this study. However, it has previously
been observed that some myonuclear populations in the cell body
are localised along with the blood vessel (Ploug et al., 1998).
Therefore, an unknown functional branch of the myonucleus other
than the MTJ or NMJ may actively contribute to MPS or cell size
regulation. Our understanding of the nature of the individual nuclei
in skeletal muscle cells has only recently progressed. The detailed
molecular regulation of the syncytial nature of skeletal muscle cells
in terms of protein metabolism and cell size regulation should be
clarified in the future.
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