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TOPICAL REVIEW

Nuclear domains during muscle atrophy: nuclei lost or
paradigm lost?

Kristian Gundersen and Jo C. Bruusgaard

Department of Molecular Biosciences, University of Oslo, PO Box 1041 Blindern, N-0316 Oslo, Norway

According to the current paradigm, muscle nuclei serve a certain cytoplasmic domain. To preserve

the domain size, it is believed that nuclei are injected from satellite cells fusing to fibres undergoing

hypertrophy, and lost by apoptosis during atrophy. Based on single fibre observations in and ex

vivo we suggest that nuclear domains are not as constant as is often indicated. Moreover, recent

time lapse in vivo imaging of single fibres suggests that at least for the first few weeks, atrophy is

not accompanied by any loss of nuclei. Apoptosis is abundant in muscle tissue during atrophy

conditions, but in our opinion it has not been unequivocally demonstrated that such nuclei are

myonuclei. As we see it, the preponderance of current evidence suggests that disuse atrophy is

not accompanied by loss of nuclei, at least not for the first 2 months. Moreover, it has not been

proven that myonuclear apoptosis does occur in permanent fibres undergoing atrophy; it seems

more likely that it is confined to stromal cells and satellite cells. If muscle atrophy is not related

to loss of nuclei, design of intervention therapies should focus on protein metabolism rather

than regeneration from stem cells.
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Introduction

The understanding of how muscle fibre size is regulated is
important, because under most conditions (although not
all, see Bruusgaard et al. 2005), size is directly proportional
to force, and the ability to develop force is mainly changed
by altering fibre size rather than fibre content or the
number of fibres. There is an idea which stems from the
19th century that a nucleus serves a certain volume of
cytoplasm, and that the so-called ‘karyoplasmatic’ ratio is
constant (Strassburger, 1893). Also in modern literature it
has been argued that the link between DNA content and
cell volume is a fundamental principle (Gregory, 2001).
The mechanistic background is unclear, but it has been
speculated that each nucleus has only a limited synthetic
capacity, or that there is limited transport capacity, for
example related to the number of nuclear pores mediating
the passage of RNA from the nucleus to the cytoplasm
(Cavalier-Smith, 1978, 1980). In the multinucleated
muscle fibres each nucleus seems to synthesize protein for
a local domain in the vicinity of that nucleus both in vitro
(Hall & Ralston, 1989; Pavlath et al. 1989) and in vivo
(Gundersen et al. 1993).

Based on this background, the notion that each
myonucleus can serve a certain cytoplasmic volume,

and consequently that the number of nuclei is linearly
correlated to fibre volume, has served as a conceptual
framework in the field. Moreover, the current paradigm
for regulation of muscle fibre size is that during atrophy,
nuclei are lost by apoptosis, and during hypertrophy, new
nuclei are injected into the fibres from muscle stem cells
(satellite cells) situated under the basal lamina fusing with
the fibres (Allen et al. 1999). The number of nuclei could
be the causative factor in regulating muscle fibre size, or a
consequence of it, but in any instance the nuclear domain
size could be maintained.

Although beautifully simple, the paradigm of constant
nuclear domains, and in particular the idea that nuclei are
lost by apoptosis during atrophy, has been challenged by
recent studies.

Is the nuclear domain size constant in muscle?

Muscle fibres are by volume the largest animal cells. In
mouse limb muscles we have estimated the volume to be
about 5 nl after intracellular dye injection in vivo (Utvik
et al. 1999). In large mammals it could easily reach 1000 nl;
by comparison a human ovum is about 50 nl, while most
other mammalian cells would range between 10−5 and
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10−3 nl (Bruusgaard et al. 2003). Muscle cells are one of
the few mammalian syncytia, and such large cells could
probably not be supported by only one nucleus, but the
literature addressing the correlation between fibre size and
number of myonuclei inside each fibre is less clear.

We have counted myonuclei per unit of length in live
single fibres in the intact animal, while several other groups
have made similar studies on chemically treated and
isolated fibres. Across fibre types, no correlation was found
between fibre cross-sectional area and number of nuclei in
rat diaphragm muscles (Aravamudan et al. 2006), while
in mouse tibialis anterior a weak correlation between
fibre cross-sectional area and number of nuclei was found
(Brack et al. 2005). When fibres from the plantaris muscles
of young adult rats were sorted into fibre types, a robust
correlation between size and nuclear number was observed
(Roy et al. 1999); similarly in limb muscles of young mice
(≤ 2 months) there was a reasonably good correlation
between size and number of nuclei (Bruusgaard et al.
2003, 2006; Wada et al. 2003; Mantilla et al. 2008). More
specifically, oxidative IIa fibres from murine soleus muscles
fitted a model where the number of nuclei increased
linearly with cross-sectional area and with the correlation
line transecting the origin (Bruusgaard et al. 2003). Fast
glycolytic IIb fibres from the extensor digitorum longus
(EDL), on the other hand, displayed nuclear numbers
increasing linearly with fibre circumference as if to keep
the surface area per nucleus constant. In both cases fibres
adhered rather strictly to a model of constant nuclear
domain volumes and surfaces, respectively. In contrast,
for middle-aged animals (14–18 months) no significant
correlation between fibre size and nuclear number was
observed in spite of a fourfold variation in cytoplasmic
volume (Wada et al. 2003; Bruusgaard et al. 2006; but see
Brack et al. 2005). In older animals (23 months) a weak
correlation between size and number of nuclei reappeared
(Bruusgaard et al. 2006).

We conclude that in normal muscles constant nuclear
domains in the strict sense are only displayed under certain
circumstances, for example during growth or senescence
when the number of nuclei might serve as a bottleneck
(discussed in Bruusgaard et al. 2006). During more stable
conditions, the correlation can be either rather loose, or
not evident at all, in spite of large variability in fibre size.

Are myonuclei lost during atrophy?

Most of the literature dealing with the correlation between
size and number of nuclei is not based on the normal
variability discussed above, but rather on observations
under conditions where muscle fibres are changing. Thus,
it has been reported that during growth or hypertrophy the
number of nuclei in each muscle fibre increases (Enesco
& Puddy, 1964; Moss, 1968; Cheek et al. 1971; Seiden,

1976; Cabric & James, 1983; Cabric et al. 1987; Giddings
& Gonyea, 1992; Winchester & Gonyea, 1992; Allen et al.
1995; McCall et al. 1998; Kadi et al. 1999; Roy et al. 1999),
while during atrophy the number decreases. In this review
we will focus on atrophy.

A large number of studies have suggested that the
number of nuclei is reduced under a wide range of
conditions leading to atrophy, such as neuromuscular
disorders, in particular denervating disorders (reviewed
in Tews, 2005), as well as several experimental models
including denervation (Tews et al. 1997; Viguie et al.
1997; Yoshimura & Harii, 1999; Borisov & Carlson, 2000;
Schmalbruch & Lewis, 2000; Tang et al. 2000; Jin et al.
2001; Alway et al. 2003a; Siu & Alway, 2005; Adhihetty
et al. 2007), abolishment of nerve electrical activity
(Dupont-Versteegden et al. 1999, 2000), and mechanical
muscle unloading (Darr & Schultz, 1989; Allen et al.
1997a,b; Alway et al. 2003b; Siu et al. 2005a; Siu et al.
2005b; Dupont-Versteegden et al. 2006).

Most of the studies suggesting that nuclei are lost
are, however, based on conventional histology of muscle
cross-sections observed in the light microscope where
there may be difficulties in distinguishing between
myonuclei and other nuclei. In particular satellite cells with
their close proximity to the muscle fibres, create problems.
Moreover, changes in nuclear size and shape may influence
the number of nuclei per fibre length inferred from
cross-sections (Schmalbruch & Lewis, 2000).

Recently, the idea of nuclear loss was challenged by
direct observation by in vivo time lapse imaging of single
fibres (Bruusgaard & Gundersen, 2008). Nuclei from
single fibres were labelled with GFP using somatic gene
transfer by electroporation or intracellular injection and
then followed for up to 4 weeks after denervation by
re-exposing the muscle and re-imaging the same fibre
segments. In these experiments no loss of nuclei was
observed in spite of a 50% reduction in fibre volume
(Fig. 1). The observations were confirmed by acute
intracellular injection of nuclear dyes in both the glycolytic
EDL and the oxidative soleus muscle in vivo. Moreover,
no loss of nuclei was observed after nerve impulse block
by tetrodotoxin or mechanical unloading by tenotomizing
antagonist muscles. Similar observations have been made
in isolated fibres from normal and denervated mouse
plantaris muscles (Wada et al. 2002) and rat diaphragms
(Aravamudan et al. 2006). Thus, analysis based on single
fibres indicates that there is no loss of nuclei during atrophy
in mice, at least not in the short term. For long-term
atrophy the situation is less clear. Wada et al. (2002) found
no loss of myonuclei for up to 4 months of denervation
in mouse plantaris, but in fibre segments isolated from
rat EDL muscles denervated for 2–7 months a reduced
number of nuclei was observed (Viguie et al. 1997). Among
possible explanations for the discrepancies are differences
in the methods used to isolate the fibres (mechanical versus
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chemical), and, related to this, uncertainties with respect
to whether the counts include satellite cells or not.

Has apoptosis of myonuclei been demonstrated?

Apoptosis is normally a process where cells are marked
for phagocytosis after having unleashed an intracellular
cascade of proteolysis of specific proteins in the cytoplasm
and the nucleus, the latter leading to DNA fragmentation.
It seems clear that whole muscle fibres or segments thereof
can be eliminated by apoptosis during development,
and that such elimination is augmented by neonatal
denervation (Trachtenberg, 1998). Although the
developmental fibre apoptosis wanes during the first two
neonatal weeks, it has been suggested that the mechanism
may operate in relation to muscle damage in adults, for
example after exercise (Podhorska-Okolow et al. 1998),
or as a result of disease (Tews, 2005). Elimination of
whole fibres or fibre segments is, however, different from
atrophy. Atrophy occurs in intact functional fibre syncytia,
and apoptosis in such fibres would have to represent a
strict elimination of nuclei, or at least would have to occur
without phagocytosis or widespread proteolysis. Below
we discuss pro et contra evidence for the existence of such
a phenomenon during atrophy.

A large number of studies have suggested that myonuclei
undergo apoptosis during atrophy. Several of the papers
are, however, based only on finding molecular markers of
apoptosis in muscle homogenates (Tang et al. 2000; Alway
et al. 2003a; Siu & Alway, 2005; Siu et al. 2005a), and
the majority of the literature is based on light-microscopy
studies without using any staining methods critically
differentiating between myonuclei and other nuclei (Allen
et al. 1997a; Tews et al. 1997; Yoshimura & Harii, 1999;
Alway et al. 2003b; Adhihetty et al. 2007).

Rodrigues & Schmalbruch (1995) reported that
myonuclei displayed ultrastructural signs remotely
resembling apoptotic nuclei after denervation, but found
no evidence of DNA breakage. Two other ultrastructural
studies report that myonuclei might display morphological
characteristics similar if not identical to nuclei under-
going classical apoptosis, but it is not clear if these nuclei
were part of intact muscle fibres or represented whole
disintegrating fibres (Borisov & Carlson, 2000; Jin et al.
2001).

As illustrated in Fig. 2 it is to some degree possible
to distinguish between myonuclei, nuclei belonging to
satellite cells and nuclei of stromal cells on light microscopy
sections by combining nuclear labelling with labelling
of laminin and dystrophin. Using such techniques, we
observed that denervation and nerve impulse block both
led to high levels of apoptotic nuclei in the muscle
tissue. These were, however, unlikely to be myonuclei,
since virtually none of them had their mass centre inside

Figure 1. In vivo time lapse observations of myonuclei
Time-lapse study of nuclei and atrophy in single muscle fibres in the
EDL muscle after denervation. A, images of a representative muscle
fibre after injection of an expression vector encoding nuclear EGFP
(green) showing the same fibre observed at the time of denervation,
and again after 21 days. The neuromuscular endplate was stained by
α-bungarotoxin (red). At both time points 21 nuclei can be identified
within the picture frame; S indicate additional synaptic nuclei.
Background staining of EGFP or fluorescent nucleotides in the cytosol
made the fibre outline discernable and the cross-sectional area was
calculated from the apparent diameter. The fibre boundaries are
outlined for clarity. Scale bar: 50 μm. B, individual nuclei were
identified from stacks of pictures taken at different focal planes
covering the fibre cross-section. Counts are represented as nuclei per
millimetre fibre length. Data representing multiple observations from
the same fibre are indicated by filled symbols connected with broken
lines. Single time-point observations of other fibres are indicated with
open symbols. C, cross-sectional areas of the same fibres as shown in
B. Figure modified from Bruusgaard & Gundersen (2008).
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Figure 2. Light-microscopical methods to distinguish between
different populations of nuclei in muscle
Cross-section of rat soleus muscle (A) with nuclei stained with Hoechst
dye 33342 (blue), and with antibodies against laminin (red) and
dystrophin (green), illustrating how different types of nuclei can be
identified. The region shown within the 40 μm × 40 μm frame is
shown at larger magnification in B, either with all channels combined
(upper left) or with the channels separated. When examining sections,
nuclei with their mass centre inside the dystrophin ring were defined
as myonuclei (Myo), while those outside the laminin ring belonged to
stromal cells (Str). Nuclei between the rings are probably in satellite
cells (Sat).

the dystrophin ring of any muscle fibre (Bruusgaard &
Gundersen, 2008). Basal lamina staining suggested that
apoptosis occurred both in stromal cells and satellite
cells. This apoptotic activity probably reflects an increased
turnover rather than net loss of nuclei. It was shown
recently that after denervation mitotic activity increased
to a similar extent as the rate of apoptosis (Hyatt et al.
2006), and a large body of literature collected over the last
30 years suggest that denervation increases the number of
satellite cells (Viguie et al. 1997). What the role might be
of the increased turnover and the satellite cell expansion
in a situation where myonuclei are not affected remains to
be clarified.

To our knowledge, in addition to our own studies on
denervation and inactivity (Bruusgaard & Gundersen,
2008), three other studies have utilized antibodies against
dystrophin to identify myonuclei. Alway and collaborators
(Siu et al. 2004) studied the effect of unloading quail
muscles, which had recently been made hypertrophic,
and they suggest that a new population of nuclei in
hypertrophic muscle is prone to apoptosis. The possibility
of a new, less stable, population of nuclei is interesting,
but only one example of an apoptotic nucleus inside the
dystrophin ring was shown, and the frequency of apoptosis
in myonuclei was not reported.

Dupont-Versteegden and colleagues have published
two reports on atrophy in the soleus muscle of rats
after hindlimb suspension suggesting a high level of
apoptosis in myonuclei (Leeuwenburgh et al. 2005;
Dupont-Versteegden et al. 2006). If these observations
are correct, unloading by hindlimb suspension seems to
be different from some other atrophy models. This is
not unlikely since hindlimb suspension, in addition to
unweighing the muscles, has clear systemic effects on
several organ and hormone systems, and is accompanied
by a marked weight reduction (Morey-Holton & Globus,
2002; Morey-Holton et al. 2005). Moreover, the procedure
leads to stress, with elevated levels of cortisol and muscle
cortisol receptors (Steffen & Musacchia, 1987), which
influences the atrophy since adrenalectomy leads to
decreased atrophy (Aboudrar et al. 1993).

Alternatively, the discrepancies could be related to
the fact that TUNEL staining is prone to false positives
(Pulkkanen et al. 2000; Garrity et al. 2003). The number
of TUNEL-positive myonuclei were quantified in one
of the studies (Dupont-Versteegden et al. 2006); and
the normal control muscles displayed on average nine
TUNEL-positive nuclei per section, of which two-thirds
were interpreted to be myonuclei. This contrasts with our
own findings in normal mouse muscles where only 0.5
nuclei per section, were TUNEL-positive, none of which
were myonuclei (Bruusgaard & Gundersen, 2008). Even if
one takes into account that rat muscles contain 3 times as
many fibres per section, the apparent apoptotic activity in
normal rat muscles seemed to be 6 times as high as in mice.
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In order to investigate if this dissimilarity could be
due to species differences, we repeated experiments with
TUNEL staining of soleus muscles from 6-month-old
male Sprague–Dawley rats with the same protocol as we
previously used in mice (Bruusgaard & Gundersen, 2008).
Our normal muscles displayed only 1.4 ± 1.1 (mean ± s.d.

of 9 sections form 3 muscles) TUNEL-positive nuclei
per section, which is only 15% of the level reported by
Dupont-Versteegden et al. (2006). Given the inherent
problems with TUNEL staining (Pulkkanen et al. 2000;
Garrity et al. 2003), the discrepancies between the control
materials indicate that the experiments with hindlimb
suspension should be repeated with alternative methods,
or with a control material displaying a lower number
of TUNEL-positive nuclei. We also performed a 7-day
denervation experiment in the rats, and in the atrophying
muscles the number of TUNEL-positive nuclei increased
to 16 ± 3 per section (6 sections from 2 muscles), but
of the 191 TUNEL-positive nuclei we scrutinized, only
one displayed a mass centre that appeared to be inside
the dystrophin ring, and thus denervation does not seem
to induce apoptosis of myonuclei in the rat.

Conclusions

In our opinion, it has not been unequivocally
demonstrated that myonuclei are lost under any atrophy
conditions, nor has it been proven that apoptosis of
individual nuclei of intact muscle fibres does occur.
If nuclei are not lost, atrophy and recovery from it
simply reflect changes in the balance between protein
synthesis and proteolysis (for reviews see Glass, 2003, 2005;
Jackman & Kandarian, 2004), and intervention therapies
should concentrate on such mechanisms rather than on
regeneration from stem cells. Absence of degeneration
may explain why muscle has such a remarkable capability
for recovery after prolonged inactivity when electrical
activity is restored both in rodents (Hennig & Lømo,
1987) and in man (Kern et al. 2004; Boncompagni et al.
2007).
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