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Inactivation of the intrinsic
muscle clock does not cause
sarcopenia

The role of the muscle intrinsic molecular
clock has been the object of recent
investigations based on the selective
inactivation of the Bmal1 gene in skeletal
muscle. Using an inducible knockout
model, in which Bmal1 is inactivated
solely in adult mouse skeletal muscle
(iMSBmal1−/−), Schroder and colleagues
recently reported a number of changes
in muscle structure and function, and
concluded that ‘Disruption of the molecular
clock in adult skeletal muscle is sufficient to
induce changes in skeletal muscle similar
to those seen in the Bmal1 knockout
mouse (Bmal1−/−), a model of advanced
ageing’ (Schroder et al. 2015). However,
both circadian locomotor activity and total
activity levels are markedly affected in
the germline but not in the inducible
Bmal1−/− model and it was recently shown
that rhythmic muscle activity is sufficient
to drive part of the circadian muscle
transcriptome independently of the end-
ogenous clock (Dyar et al. 2015). Using
muscle-specific inactivation of Bmal1 since
early developmental stages (mKO), a model
better comparable to the germline Bmal1
gene KO, we previously reported that the
muscle phenotype of mKO mice is strikingly
different from whole body KO (Dyar et al.
2014). Mice with germline Bmal1 KO
stop growing around 16 weeks of age,
display progressive and dramatic muscle
atrophy, and die between 26 and 52 weeks
of age (Bunger et al. 2000; Kondratov
et al. 2006). In contrast, life span was
normal in mKO mice and muscle weight
was even significantly increased compared
to controls (Dyar et al. 2014). Although
normalized muscle force was decreased,
muscle histology and ultrastructure were
apparently normal even at advanced age,
with no sign of muscle fibre atrophy,
degeneration/regeneration or fibrosis. In
conclusion, our results suggest that the
dramatic sarcopenia observed in germline
Bmal1 KO mice is not due to the loss
of cell-autonomous function of Bmal1 in
muscle fibres. This view is supported by
the recent analyses of another Bmal1 KO
model, in which Bmal1 was inducibly

deleted in adult mice in all tissues. No
significant change in life span, body and
organ weight, or abnormal calcification
was observed in these mice, showing that
most phenotypes described in standard
Bmal1 KO mice are due to Bmal1 effects
during development (Yang et al. 2016).
Although the decrease in body weight and
longevity of germline Bmal1−/− mice was
rescued by muscle-specific Bmal1 over-
expression, the transgene used in that study
was driven by a constitutive α-skeletal
actin promoter, leading to overexpression of
non-cycling BMAL1 protein (McDearmon
et al. 2006), thus likely affecting rhythmic
transcription of BMAL1 target genes and
BMAL1-dependent circadian oscillation
of protein synthesis (Lipton et al.
2015).

Dyar et al. (2014) also used an inducible
model of muscle-specific Bmal1 KO and
reported that muscle force is unchanged
in these mice, whereas a decrease in
muscle force was described in the Schroder
study using the same inducible knockout
model. Schroder et al. (2015) suggested
that this discrepancy may be due to the
fact that tamoxifen treatment for Bmal1
recombination was started at 8 weeks of age
in the Dyar study but at 12–16 weeks in
the Schroder study, arguing that satellite cell
fusion, still ongoing at 8 weeks, would dilute
the Bmal1 negative myonuclei through
addition of Bmal1 positive nuclei after the
tamoxifen treatment. However, this inter-
pretation is unlikely because we found that
Bmal1 transcripts were drastically reduced
in muscles from mice treated with tamoxifen
at 8 weeks and examined 5 months later.
The issue of satellite cell fusion during
postnatal muscle development is the object
of debate. It was reported that the total
number of myonuclei in mouse extensor
digitorum longus (EDL) muscle fibres
increases up to 3 weeks after birth and then
remains constant, suggesting that satellite
cell fusion does not occur at subsequent
postnatal stages (White et al. 2010). A more
recent report revealed satellite cell fusion
events even at later stages; however, the
contribution of satellite cells to uninjured
myofibres of mouse EDL was identical at
8, 12 and 27 postnatal weeks (Pawlikowski
et al. 2015).

A more likely interpretation to account
for the difference in muscle functional

properties between the two studies, as
also suggested by Schroder et al. (2015),
is that most analyses were performed at
58 weeks post-tamoxifen treatment in the
Schroder study but at 20 weeks in the Dyar
study. An age-dependent increase in oxida-
tive stress may be involved in this difference,
as the loss of Bmal1 per se causes accumu-
lation of reactive oxygen species (Kapre et al.
2011). This interpretation is supported by
the different techniques used for muscle
force measurements in the Dyar and
Schroder studies. Whereas Dyar et al. (2014)
performed force measurements in vivo in
anaesthetized animals, Schroder et al. used
an ex vivo approach whereby muscles were
incubated for 30 min at 37°C. It was pre-
viously shown that incubation of mouse
EDL muscle at 37°C, as opposed to the
more generally used 22°C, leads to a marked
reduction of muscle tetanic force of about
70% (Edwards et al. 2007). This force
drop was apparently due to an increase in
muscle superoxide production, as it was
largely prevented by incubation of muscles
at 37°C in the presence of Tempol, a super-
oxide dismutase mimetic. Oxidative damage
would probably be higher in iMSBmal1−/−

than wild-type muscles, as the loss of Bmal1
per se was found to cause accumulation of
reactive oxygen species in different tissues
(Kapre et al. 2011; Lee et al. 2013; Jacobi
et al. 2015). Another methodological point
to be considered is that in the Schroder
study the optimal length of the EDL muscle
was determined by optimizing for twitch
force (1 Hz). It is known that the optimal
length for skeletal muscle fibres is not the
same when measuring a single twitch or a
full activation during a tetanic contraction
(Close, 1972). Force production generated
during a tetanus mostly depends on the
overlap between thick and thin filaments,
whereas the twitch is also affected by
the amount of calcium released by the
sarcoplasmic reticulum and the calcium
sensitivity of the myofilaments, which in
turn is sensitive to length changes. Indeed,
the length at which optimal twitch tension
is achieved is greater than that at which
tetanic tension is maximal. Since Schroder
et al. (2015) determined optimal muscle
length using twitch tension, it is likely
that tetanic contractions were performed
on the downward slope of the force–length
relationship and one cannot rule out
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the possibility that iMSBmal1−/− muscles
behave differently under these conditions
compared to wild type muscles, possibly
due to an effect of oxidative stress on the
excitation–contraction coupling.

K. A. Dyar, S. Schiaffino and B. Blaauw

Venetian Institute of Molecular Medicine
(VIMM), 35129 Padova, Italy

Email: bert.blaauw@unipd.it
Present address K. A. Dyar: Molecular

Endocrinology, Institute for Diabetes and
Obesity, Helmholtz Zentrum München,

Germany

References

Bunger MK, Wilsbacher LD, Moran SM,
Clendenin C, Radcliffe LA, Hogenesch JB,
Simon MC, Takahashi JS & Bradfield CA
(2000). Mop3 is an essential component of the
master circadian pacemaker in mammals. Cell
103, 1009–1017.

Close RI (1972). The relations between
sarcomere length and characteristics of
isometric twitch contractions of frog sartorius
muscle. J Physiol 220, 745–762.

Dyar KA, Ciciliot S, Tagliazucchi GM,
Pallafacchina G, Tothova J, Argentini C,
Agatea L, Abraham R, Ahdesmaki M, Forcato
M, Bicciato S, Schiaffino S & Blaauw B (2015).
The calcineurin-NFAT pathway controls
activity-dependent circadian gene expression
in slow skeletal muscle. Mol Metab 4,
823–833.

Dyar KA, Ciciliot S, Wright LE, Biensø RS,
Tagliazucchi GM, Patel VR, Forcato M, Paz
MI, Gudiksen A, Solagna F, Albiero M,
Moretti I, Eckel-Mahan KL, Baldi P,
Sassone-Corsi P, Rizzuto R, Bicciato S,
Pilegaard H, Blaauw B & Schiaffino S (2014).
Muscle insulin sensitivity and glucose
metabolism are controlled by the intrinsic
muscle clock. Mol Metab 3, 29–41.

Edwards JN, Macdonald WA, van der Poel C &
Stephenson DG (2007). O2

•− production at
37ºC plays a critical role in depressing tetanic
force of isolated rat and mouse skeletal
muscle. Am J Physiol Cell Physiol 293,
C650–C660.

Jacobi D, Liu S, Burkewitz K, Kory N, Knudsen
NH, Alexander RK, Unluturk U, Li X, Kong X,
Hyde AL, Gangl MR, Mair WB & Lee CH
(2015). Hepatic Bmal1 regulates rhythmic
mitochondrial dynamics and promotes
metabolic fitness. Cell Metab 22,
709–720.

Khapre RV, Kondratova AA, Susova O &
Kondratov RV (2011). Circadian clock protein
BMAL1 regulates cellular senescence in vivo.
Cell Cycle 10, 4162–4169.

Kondratov RV, Kondratova AA, Gorbacheva VY,
Vykhovanets OV & Antoch MP (2006). Early
aging and age-related pathologies in mice
deficient in BMAL1, the core component of
the circadian clock. Genes Dev 20,
1868–1873.

Lee J, Moulik M, Fang Z, Saha P, Zou F, Xu Y,
Nelson DL, Ma K, Moore DD & Yechoor VK
(2013). Bmal1 and β-cell clock are required
for adaptation to circadian disruption, and
their loss of function leads to oxidative
stress-induced β-cell failure in mice. Mol Cell
Biol 33, 2327–2338.

Lipton JO, Yuan ED, Boyle LM,
Ebrahimi-Fakhari D, Kwiatkowski E, Nathan
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