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Growing muscle has different
sarcolemmal properties from adult
muscle: A proposal with scientific and

clinical implications

Reasons to reassess skeletal muscle molecular dynamics, cellular responses and
suitability of experimental models of muscle disorders

Miranda D. Grounds™ and Thea Shavilakadze

We hypothesise that the sarcolemma of an actively
growing myofibre has different properties to the sarco-
lemma of a mature adult myofibre. Such fundamentally
different properties have clinical consequences for the
onset, and potential therapeutic targets, of various
skeletal muscle diseases that first manifest either during
childhood (e.g. Duchenne muscular dystrophy, DMD) or
after cessation of the main growth phase (e.g. dysferlino-
pathies). These characteristics are also relevant to the
selection of both tissue culture and in vivo models
employed to study such myopathies and the molecular
regulation of adult myofibres. During growth, multi-
nucleated myofibres increase enormously in size and
volume with dramatic increases in length (up to

~600 mm). This is in striking contrast with most mono-
nucleated cells such as fibroblasts, that remain at a rela-
tively small size (~10-20 pum diameter). The
consequences of a dynamic, expanding sarcolemma
during growth, compared with that of an adult myofibre
of a fixed length, are discussed with respect to various
aspects of muscle biology.
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Introduction

Multinucleated skeletal muscle cells (myofibres) increase
enormously in volume and length, with corresponding great
expansion of the area of the cell surface membrane (sarco-
lemma), during the growth phase of an animal until maturity
when the myofibre reaches a relatively fixed length. In
addition, an individual myofibre persists throughout life with
minimal turnover of the original myonuclei, in the absence of
disease or major damage. This paper will focus on the sarco-
lemma-associated properties of growing myofibres compared
with adult myofibres in homeostasis. We propose that the
sarcolemma of an actively growing myofibre has different prop-
erties to the sarcolemma of a mature adult myofibre.
Surprisingly this issue has barely been formally considered.

This hypothesis has major implications for understanding
the time of clinical onset of particular myopathies and for
therapeutic interventions in growing compared with adult
humans. The discussion will focus on two genetic forms
of muscular dystrophy, the childhood disease Duchenne

Abbreviations:
DMD, Duchenne muscular dystrophy; ECM, extracellular matrix.
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Figure 1. Diagram to illustrate myogenesis and the formation of
skeletal myofibres, with comparison to cell sizes. Mononucleated
muscle precursor cells (myoblasts) are similar in size to fibroblasts,
macrophages and many other mononucleated cells (roughly 10—

20 wm in diameter). Myoblasts proliferate and then differentiate and
fuse to form thin multinucleated muscle cells (myotubes) that sub-
sequently mature into myofibres. Some myoblasts persist as quiescent
muscle precursor cells located on the surface of myotubes and myofi-
bres, between the sarcolemma (muscle cell membrane) and the over-
lying basement membrane: these are called satellite cells and are
responsible for generation of new myoblasts and muscle regeneration
in response to necrosis of post-natal myofibres. The basement mem-
brane is a light microscopy term that refers to the complex layer of
specialised ECM molecules adjacent to the sarcolemma; it includes
the basal lamina at the cell surface and others associated layers that
are described by electron microscopy. The myotubes continue to
differentiate and enlarge, become innervated (not shown) and expand
dramatically in width (hypertrophy) and especially length during post-
natal growth, until adult myofibres stabilise in length as bone growth
ceases. This huge post-natal growth for almost 20 years in humans is
associated with dynamic expansion of cell membranes, specifically
sarcolemma. Only a portion of a mature myofibre is indicated, since
the average adult human myofibre can reach about 60 um in width
and 40 mm or more in length. This dramatic difference between
dimensions of mononucleated cells and a mature myofibre is corre-
spondingly illustrated histologically in Fig. 2.

muscular dystrophy (DMD) and dysferlinopathies that mani-
fest only after cessation of the main growth phase. The
affected genes code for dystrophin and dysferlin proteins
(respectively), both associated with the sarcolemma and other
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internal cell membranes of myofibres. The striking difference
in age of manifestation of these two diseases, especially the
post-growth on set of dysferlinopathies, implies that suscepti-
bility to the specific genetic defect may relate to features of the
growing and adult sarcolemma.

The key features of growing compared with adult (and
ageing) muscle are discussed with respect to (i) general prop-
erties of skeletal muscles in humans, (ii) the signalling
response to growth factors, (iii) the dynamic properties of
membranes and the sarcolemma, (iv) the relative growth
kinetics of animals and humans and their impact on two
models of muscular dystrophy.

General properties of skeletal muscles
in humans

Variations and similarities between skeletal muscles

Myofibres are very long multinucleated cells formed as a result
of myogenesis as illustrated in Fig. 1. This discussion is not
concerned with many well-described changes in gene expres-
sion during myogenesis and innervation but, instead, with
properties of the fully formed myofibre as it expands in size
during growth.

Humans have over 640 paired bilateral skeletal muscles of
very different shapes and sizes. The muscles range in length
from about 2 to 600 mm, and numbers of myofibres in different
muscles vary from only a few hundred myofibres (e.g. tensor
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Figure 2. Histology demonstrating the relative size of mononucleated
cells, myotubes and part of a myofibre shown in longitudinal section.
Myotubes, in the top panel in regenerating mouse muscle after experi-
mental injury, are long and thin and contain chains of centrally located
myonuclei. The lower panel shows part of a mature myofibre (at the
bottom) with the sarcolemma adjacent to interstitial connective tissue.
Mononucleated cells in the interstitial connective tissue include fibro-
blasts, macrophages, lymphocyte and endothelial cells in a blood
vessel; the dark stained nuclei are readlily visible, and are ~5 pm in
diameter. The myofibre is cut in longitudinal section and only a portion
is shown to illustrate the relatively enormous size of a mature myofibre
(see text in Fig. 1). Striated myofibrils of the sarcomeres are visible
(especially near the sarcolemma). As a result of such light microscopy,
it is not possible to distinguish between sub-sarcolemmal myonuclei,
satellite cells and other nuclei of juxta sarcolemmal mononucleated
cells. Mouse adult skeletal muscle, frozen longitudinal sections were
stained with haematoxylin and eosin.

tympani in the ear) to about a million (gastrocnemius in the leg).
Muscles of different anatomical origins also have different
embryological origins (ranging from the myotome to pharyng-
eal arches) that may affect their properties. The speed of
contraction varies from a predominantly slow pattern (e.g.
postural muscles such as the soleus) to a very fast response
(e.g. some extraocular muscle), while other muscles are con-
stantly working (e.g. the diaphragm). Simplistically, the func-
tion of different muscles varies in terms of contraction speeds
(influenced by the composition of fast and slow myofibres,
motorneurone activity, muscle architecture and patterns of
innervation [1]) and mechanical loading, that is further influ-
enced by the size of the species and the force of gravity (e.g.
small quadrupedal mouse compared with large biped human).
The architecture of very long muscles and allometric effects of
increasing fascicle length in humans and macaque primates
show differences to many other species [2]. Muscle specific
differences are reflected in their transcriptomes that are influ-
enced by exercise, age, disease and many other factors [3].
What myofibres have in common is that during growth
they increase in volume enormously, for both cross-sectional
area (CSA) and length, and thus the sarcolemma must be
dynamic and constantly expanding throughout this process
(Fig. 1). The CSA of mature myofibres is variable but a CSA of
around 3,000 wm? or more is not uncommon [4]. This huge
size is in marked contrast to the situation for most mono-
nucleated cells (e.g. fibroblasts, macrophages) which remain
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at roughly the same size (Figs. 1 and 2). This demonstrates a
general principle, although it is clearly difficult to generalise
since even mononucleated cells have very different shapes
and functions. Extreme examples are human oocytes with a
diameter of about 100 pm, about 5-10 times larger than the
average mononucleated cell (roughly 10-20 wm) and axons of
neurons that innervate muscles which elongate during growth
(e.g. the sciatic nerve that innervates the lower limb).

The increase in length of myofibres is far more dramatic
than the CSA. Even the smallest human muscle, the stapedius
in the ear at 2 mm in length (2,000 pm), is 100-fold longer
than the average mononucleated cell (~10-20 um). There is a
great range in muscle size and architecture. In human
muscles, many myofibres can extend from tendon to tendon
[2] and the average myofibre is around 20-30 mm in length
(i.e. 1,000-fold longer than a mononucleated cell). The longest
muscle is the sartorius in the thigh which can reach about
600 mm in length for a tall human [1]: since some myofibres
appear to extend the entire length of this muscle [1] these
myofibres are about 25,000 times longer than the average
mononucleated cell, emphasising the huge expansion of sar-
colemma area that must occur in growing myofibres.

Human muscle elongation during growth varies greatly
between different anatomical locations

One can also consider the relative amount of elongation and
change in diameter that different muscles are subjected to
during human growth. Humans undergo roughly a 25-fold
increase in weight from a baby (3-4 kg) to an adult (60—
80 kg), a 40-fold increase in height (from about 40 cm to
1.7 m) while the head is disproportionately much larger at birth
with relatively little post-natal increase in size [5]. Muscles are
attached to bones and, accordingly, differential elongation is
very pronounced for muscles associated with long bones in the
limbs. Thus the associated post-natal increase in muscle
size varies across the body, with striking differences between
the head and limbs as outlined below (Fig. 3).

While many studies of muscle growth use animal models
there are relatively few studies on in utero and post-natal
muscle growth in humans, due to limited tissue availability.
A study of human foetal sartorius muscle [6] showed rapid
linear elongation throughout gestation (relative to crown-rump
length) reaching about 80 mm prior to birth. It is generally
believed that there is no change in human myofibre number
after birth, although evidence for this appears scanty [6].

Comprehensive documentation of biometrics for growth of
many muscles was provided in 1971 by Moore et al. [7] and
differences between growth kinetics of myofibre diameter for
some muscles are indicated in Fig. 3. In brief, the post-natal
increase in myofibre width ceased by about 20 years. The mean
narrow diameter for adult myofibres from the muscles of the
neck, shoulder, arm and leg ranged from about 30 to 60 pm
whereas, in striking contrast, the superior rectus muscle of the
eye barely changed in width post-natally, remaining at 10—
15 pm (Fig. 3). The variable impact of growth throughout the
body is reflected by a pronounced difference in the suscepti-
bility of limb and extraocular muscles to damage in DMD boys
(discussed below in ‘Growth kinetics and onset of dystropa-
thology in humans and animal models’).

Bioessays 33: 458-468,© 2011 WILEY Periodicals, Inc.
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Figure 3. Biometrics of human muscles, showing mean narrow
diameter of myofibres during post-natal growth and adulthood
(adapted from [7]). These simplified graphs are based on human
data published in 1971 [7]. Myofibre widths (um) were measured for
biopsies from more than 50 normal post-mortem human skeletal
muscles of men and women, with ages ranging from foetal (4 and

5 months), neonatal (19 and 36 hours, 3-10 days, 7 weeks) and
young to very old (8 and 10 months, 4-86 years). This study did not
measure myofibre length since this is not possible from such biop-
sies. Most adult myofibres increased markedly in size during growth,
to reach adult widths (narrow diameter) of between about 60 and
30 wm. The scale of the human figures indicate the differential
growth between various parts of the body, e.g. limbs and head (from
Fig. 4.1 in [5]). A broad outline of the pattern of increase in width
during growth is indicated for several muscles: large muscles around
50 wm diameter include the gastrocnemius (lower leg) and quadri-
ceps (thigh); around 40-30 wm includes the biceps (upper arm),
sterrnomastoid (neck) and sartorius (thin strap-like muscle in the
thigh). In striking contrast, the superior rectus of the eye (extraocular
muscle) is much smaller, 10-15 wm, in diameter and barely changes
in size post-natally. Once muscles cease growing, they remain at a
relatively constant size (cross-sectional area) unless increased by
hypertrophic exercise, until later in life when there is an age-related
decrease in muscle mass and function known as sarcopenia; this is
evident from about 65 years of age [73, 74]. Many factors contribute
to sarcopenia and studies in mice show that loss of function can
occur before muscle atrophy [75]. The peak muscle mass and
strength attained in early adulthood influences this age-related
decline in human muscle function [76, 77]. The fact that the original
data [7] did not show any striking decrease in the size of myofibres
in very old muscles might reflect the measurement of ‘mean narrow
diameter of myofibres’, since changes in ‘cross-sectional area’ of
myofibres or of whole muscles are more generally used, as are
‘weights of whole muscles’ to demonstrate sarcopenia in different
species. In humans, functional measurements are also employed.
Furthermore, variations between measurements from individual
humans [7] may obscure any age-related changes.

How stable are myofibres and what is the extent of
turnover of myonuclei throughout life?

In mice, the proliferation of satellite cells and their incorp-
oration into growing myofibres as new myonuclei (hyperpla-
sia) decreases rapidly after birth and almost ceases by three
weeks. This is indicated by rapid downregulation of MyoD
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transcription, a marker of activated satellite cells, by around
three weeks in muscles of normal mice [8] and strongly sup-
ported by studies using LacZ marked muscle nuclei that dem-
onstrate minimal addition of myonuclei into growing
myofibres after day 21, despite the fact that myofibre volume
(and weight) continues to increase after this time [9]. While
other studies of post-natal muscle growth in mice show
increasing DNA content of growing muscles even after five
weeks, this DNA might largely reflect increasing numbers of
nuclei in cells of adjacent connective tissue associated with
increasing strength of growing muscles, rather than additional
myonuclei within myofibres [10]. For humans, we are not
aware of information regarding the extent of addition of
new myonuclei to growing myofibres that are expanding in
volume and elongating over many years.

Individual myofibres appear to be stable and to persist
throughout the life of an adult, in the absence of gross injury
or disease that results in necrosis and new muscle formation.
Thus individual myofibres ‘age’ in contrast with the high
turnover of mononucleated cells in many tissues. Most
neurons that innervate muscles also persist throughout life
and must similarly ‘age’. While many cell components, e.g.
organelles and membranes, may turn over quite rapidly,
the myonuclei probably do not. This myofibre longevity is
based on evidence of minimal turnover of myonuclei in
specific muscles after about 20 years of age in humans (see
below).

While many discussions focus on the regenerative capacity
of normal and ageing mature skeletal muscle, there actually
may be very little or no necrosis of normal sedentary adult
human skeletal muscles. Thus regeneration/myogenesis per
se may be of minimal importance post-natally, in the absence
of myopathy or repeated major damage. Since there appears to
be little or no turnover of myonuclei throughout the life of
most normal adult myofibres, myogenic precursor (e.g. satel-
lite) cells may contribute relatively little to homeostasis of
such myofibres; although such ‘reserve’ cells are clearly cru-
cial if damage does indeed occur. Myonuclei are considered to
be post-mitotic although data addressing myonuclear turn-
over in adult muscles are scant. There appears to be remark-
ably little turnover of myonuclei for limb and masseter
muscles throughout life, as demonstrated by historic C14 cell
dating in humans [11] and measurements of relatively stable
telomere lengths (reviewed in [12]); although abnormal short-
ening of telomeres can occur with excessive exercise/over-
training [13]. In marked contrast, ongoing satellite cell
activation/proliferation is reported for both extraocular and
laryngeal muscles with craniofacial muscles having many
different properties to limb muscles [14].

The consequences of different functions and mechanical
activity on muscles over time, with reference to
extracellular matrix (ECM) changes

A selective involvement of specific muscles is a feature of
many muscular dystrophies [15] and other gene effects such
as hypertrophy of buttock muscles in Callipyge sheep [16],
with these phenotypes often being manifested post-natally.
However, the reasons for such striking susceptibility of differ-
ent muscles are unknown. During embryogenesis, clearly an
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extraordinarily strict regulation of molecular and cellular
events in a very precise sequence is required to correctly
construct the complex tissues of developing animals. Yet once
this is achieved and skeletal muscles start to function it seems
likely that this unique ‘handbook of development’ is of lesser
significance. Instead, very different mechanical activity that is
especially important post-natally when muscles become
loaded, influences a range of properties including molecular,
metabolic and biochemical parameters of myofibres [17],
capillary density [18] and composition of extracellular matrix
(ECM) [19].

The ECM of skeletal muscle is comprised of the specialised
basement membrane in intimate contact with both the sarco-
lemma [20] and interstitial connective tissue (reviewed in [21,
22]). The basement membrane is crucial for transmission of
contractile force generated by the sarcomeres within the myo-
fibres to the ECM where interactions with many molecules,
initially laminin in the basement membrane and ultimately
collagen 1, mediate movement of the skeleton [19, 23]. This
force transmission involves a complexity of linkages between
nuclear-lamins, cytoskeletal proteins and trans-sarcolemma
proteins such as the dystrophin glycoprotein complex [24] and
integrins [25]. All of these also play important roles in signal-
ling and mechanosensing and defects result in various mus-
cular dystrophies [26-28].

The ECM also regulates myofibre properties by a multitude
of molecules such as glycosaminoglycans and metalloprotei-
nases that modulate the availability and response to growth
factors and other signalling molecules that interact with the
sarcolemma. Even the molecular composition of basement
membranes might differ between muscles, similar to the vari-
ation reported for endothelial cells in different vascular beds
and pathophysiological states [29].

Function-based variation in molecular composition of
ECM with age (along with density of capillary beds and influ-
ence of ECM on vasculature and innervation) driven by mech-
anical demands, will have a major impact on the post-natal
environment of different muscles and may well contribute to
the very different susceptibility of muscles to specific gene
defects over time. The influence of age even on early events is
emphasised by striking differences between embryonic com-
pared with neo-natal fibroblasts with respect to ECM pro-
duction and associated fibroblast proliferation and survival.
This has a major impact on the post-natal onset of progeria,
a laminopathy characterised by premature ageing [30]; other
laminopathies manifest as muscular dystrophies. The ECM
composition is further modified during ageing, through
glycation and fibrosis, and damage that causes inflammation
associated with increased fibrosis [21, 31]. A complexity of
enzymes, e.g. proteases and sulphatases, modify many
proteins and sugars in the ECM and the fine balance of
metalloproteinases and their inhibitors controls dynamic
remodelling of the matrix and intracellular proteins [32].
Such molecular variation in ECM composition both post-
natally and during ageing has barely been considered with
respect to the disparate function of the plethora of skeletal
muscles.

We propose that manifestation of genetic disorders in
some skeletal muscles (whereas others are spared) may reflect
in large part the pattern of mechanical use (and damage) of
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these muscles post-natally that impacts on the ECM/sarco-
lemma interface, especially after the main growth phase has
ceased.

Evidence for molecular differences
between growing and adult sarcolemma

The nutrient and metabolic demands of growing children and
animals are high and this is a major focus of animal nutrition
research. Studies in livestock animals show that ‘catchup
growth’ by additional booster feeding, e.g. with the amino
acids leucine and arginine, is pronounced in very early post-
natal stages and significantly reduced within 2 weeks in pigs
[33, 34]. Such studies have major implications for ‘windows of
opportunity’ to try and correct for adverse effects of low birth
weight babies in humans, yet little is known about why
neonatal muscles rapidly become unresponsive to booster
growth stimuli. We suggest that, at least in part, this may
reflect changing dynamics of sarcolemmal properties. This
topic is also of central interest to the meat and livestock
industry that is focussed on optimal increase in muscle mass
during the growth phase.

One key growth factor that increases the size of myofibres
in vivo and myotubes in culture is insulin like growth factor
(IGF-1). It is well documented, especially using tissue cultured
myotubes of the mouse C2C12 cell line, that activation of the
signalling pathways downstream of the IGF-1 receptor that
involve Akt and mTOR can enhance net protein synthesis and
result in myotube hypertrophy [35, 36]. However, it has
recently been demonstrated that while signalling related to
protein synthesis is readily induced by elevated transgenic
IGF-1 in young growing muscle, such response is blunted in
adult muscle in vivo [37]. This heightened sensitivity to IGF-1
of growing myofibres applies during embryogenesis and in the
early post-natal developmental phase, when muscle growth is
the most intense [9, 10]. Few factors cause hypertrophy of
adult myofibres in the absence of resistance exercise [38],
although JunB has now been identified as such a hypertrophic
factor and does so without activating the Akt/mTOR pathway
[39]. Studies in young pigs also showed that growing muscle
has a heightened capacity to activate the signalling cascades
that promote protein synthesis required for muscle growth,
and that this signalling is attenuated with maturation [33].
Another in vivo situation of growth where muscles are respon-
sive to IGF-1is new myotubes and myofibres formed as a result
of necrosis and regeneration in adult muscle [37]. Myotubes in
vitro are widely used as a convenient model to study many
aspects of skeletal muscle, yet we emphasise that such cul-
tured myotubes do not represent the response of mature
myofibres; instead they resemble growing immature myofibres
in the absence of innervation and of mechanical loading.

This impact of myofibre maturation has many implications
that have not been widely appreciated. For example, where
the aim of the study is to actually test what happens in a
mature adult muscle, the growing myotube is sometimes not
an accurate model. While in vivo studies remain ideal, it
appears that isolated post-natal or adult myofibres represent
a more suitable ex vivo model (compared with myotubes) for
investigations related to mature muscle [40, 41], although they
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are disconnected from innervation, the ECM and mechanical
loading. The impact of growth and maturation in muscle is
illustrated by a study investigating the intracellular localis-
ation of Ca®", a key regulator of many cellular and signalling
events. The near-membrane indicator dye FFP-18 was used to
visualise intracellular Ca®", with the expected subsarcolem-
mal localisation clearly present in myofibres isolated from
young adult mice whereas the dye was mainly cytoplasmic
in C2C12 myotubes in culture [42].

Many other examples of unexpected differences between
results for mature adult myofibres and cultured myotubes
might also be explained by the proposed differences in
‘erowth related properties of the sarcolemma’ that have not
been considered previously. For certain parameters, myotubes
are not an accurate model for comparison and extrapolation to
a mature myofibre and can therefore represent erroneous
models: this point was recently emphasised with respect to
major differences in contractile function, metabolic responses
and cellular Ca*" handling [17].

Dynamic properties of the sarcolemma

Structure and composition of the sarcolemma

The sarcolemma (plasma membrane) is composed of a fluid
phospholipid bilayer with highly mobile phospholipids, that
contains many integral membrane proteins with more
restricted mobility. The sarcolemma is a highly dynamic yet
ordered structure involved in many cellular processes such as
adhesion, ion conductivity and signalling, with attachment to
the ECM and the intracellular cytoskeleton being essential for
muscle contraction that requires flexibility in combination
with force resistance: clearly a multitude of sarcolemma-
associated proteins are involved with these diverse processes
[20-28].

The structure and biophysics of the sarcolemma are highly
complex and only a very brief overview is possible here; for a
comprehensive review especially of earlier studies see [43].
The initial fluid-mosaic model of membrane structure has now
evolved to include the concept of lipid rafts and lateral organ-
isation where the lipid bilayer is segregated into raft and non-
raft microdomains of distinct lipid composition: the lipid
composition is extremely complex with up to 500 different
kinds of lipids [44]. Simplistically, the rafts are formed by
assemblies of cholesterol and glycosphingolipids, inter-
spersed with glycerophospholipid enriched non-raft regions.
Alterations to levels of cholesterol and sphingolipid can per-
turb membrane fluidity and different aspects of cell physi-
ology. A study using a variety of developing and adult human
and mouse skeletal muscles in vivo and in vitro [45] showed
that rafts are characterised by marker proteins of the annexin
family (associated with Ca®" regulation) which localise to the
inner membrane leaflet, with glycosyl-phosphatidylinositol
(GPI) anchored enzymes attached to the outer leaflet: this
study identified profound structural changes within the sar-
colemma during differentiation and myofibre maturation [45].
Other studies using membranes isolated from normal and
laminin-deficient dystrophic mice show that the lipid rafts
provide a pathway for targeting proteins like caveolin and
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AChE to specialised domains of the sarcolemma [46]. Some
rafts are large and stable and associated with calveolar regions
and receptors for certain growth factors. Another class of rafts
that are small and more dynamic are associated with Ca*"
regulation and annexin, and may be involved in rapid regu-
lation of excitation contraction coupling (discussed in [45]).
Raft organisation is highly dynamic and rafts containing
specific types of proteins can self-associate to form higher-
order structures or hubs of signalling activity [44].

Many striking changes occur in the cell and transverse
tubular membranes during myoblast differentiation and
fusion as well as myotube and myofibre maturation, even
in the neonatal period [47] and studies are now identifying
proteins localised to lipid rafts in developing skeletal muscles
in tissue culture and in vivo. While such observations are of
considerable interest to myogenesis per se, none seem to yet
address the question of the fluidity and properties of sarco-
lemma of fully formed myofibres subjected to the extraordi-
nary expansion in volume and length during the post-natal
growth phase, the central focus of the present hypothesis.
Such studies have been difficult in the past due to technical
limitations.

The power of emerging technologies in ultra-sensitive
microscopy, fluorescent probes and live cell imaging in com-
bination with computational simulations [48] present new
possibilities to describe such dynamic aspects of lipid com-
position, fluidity, membrane activity and sarcolemma nano-
structure. Super-resolution microscopy techniques, such as
photoactivation localisation microscopy (PALM) and stochas-
tic optical reconstruction microscopy (STORM), allow very fine
resolution of dynamic nanoscale events within cell mem-
branes [49]. For example, nanoscopic raft like platforms have
been described diffusing in the plasma membrane of living
cells [50].The first imaging of membrane lipid order in a whole,
live vertebrate, namely the transparent zebra fish embryo was
recently achieved with the phase-sensitive, membrane-parti-
tioning fluorescent probe Laurdan and multi-photon micro-
scopy [51]. What is needed to test our hypothesis is information
about the composition of lipids and proteins in rafts on the
inner and outer layers of the sarcolemma in living myofibres,
at different spatio-temporal scales, ideally in situ for myofibres
in growing and adult mammalian muscles, and their modu-
lation by different signalling stimuli. This is challenging.

Sarcolemma damage and mechanisms for membrane
resealing

Myofibres require an efficient membrane repair system to
overcome the rigours of frequent skeletal muscle contractions
that can deform the myofibre surface and result in minute
lesions in the sarcolemma. It appears that such sarcolemmal
damage in normal muscles is rapidly resealed to avoid the
massive influx of Ca*" and other cellular changes (e.g. elev-
ated oxidative stress) that can lead to myofibre necrosis.
Membrane resealing is a function conserved by most cells.
Resealing via membrane vesicles is mediated by a mechanism
resembling Ca®"-dependent exocytosis, which involves mem-
brane fusion and key membrane proteins such as synaptotag-
mins and members of the ferlin family, with dysferlin
being predominantly expressed in skeletal muscle [52-54].
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Associated proteins involved in skeletal muscle membrane
resealing, membrane trafficking, exocytosis and endocytosis
are members of the soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) family such as syntaxin-
4, Ca’"-activated proteins such as calpains and annexins,
caveolin-3 and mitsugumin 53 (MG53). Defects in many of
these molecules are now also known to cause muscular dys-
trophies [52, 54-56]. Vesicle-mediated membrane resealing is
clearly a dynamic process that involves both dysferlin and a
complexity of molecules in order to patch the lesion. This
mechanism seems important in mature adult myofibres,
although the situation is less clear for the sarcolemma
of growing myofibres. Alternatively, in some situations
lipids may automatically flow from the membrane at
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edges of the lesion across the damaged site to reseal the
membrane and this is influenced by membrane tension and
fluidity [52].

Growth kinetics and onset of
dystropathology in humans and
animal models

Patterns of post-natal human growth

Height increases steadily during human growth and usually
ceases by about 18 years of age (Fig. 4A). However, the growth
rate is not constant during this time (Fig. 4B and C). In
humans, the post-natal growth rate declines sharply during
the first two years, followed by a fairly steady growth rate for
several years and culminating in a burst of increased growth
velocity associated with puberty and adolescence. Women
usually reach their greatest height at a younger age than
men, because puberty occurs earlier in women (Fig. 4C).
The peak of this adolescent growth spurt is around 11-12 years
for females and 13-14 years for males, the timing and extent
varies throughout the body with the average velocity in growth
being +7.0 cm/year for girls and 9.0 cm/year for boys [5]. This
is followed by a steady decline of growth to the adult state of O,
that is about three years earlier in females compared with
males (15 compared with 18 years, respectively).

Figure 4. Human post-natal growth rates for ‘normal’ males and
females. A: Height increase during the growth phase from birth to
18 years shown for an individual male and (B) demonstration of very
variable rate of growth (in terms of height) during this time for the
same individual. Both measurements were made about 250 years
ago by Count Montbeillard who measured the height of his son
every 6 months from 1759 to 1777 (based on Fig. 1.4 cited in [78]).
C: Average (50 percentile) growth curves for men and women aged
0-18 years (based on http://en.wikipedia.org/wiki/Human_height):
note the overall similarity of these population data to the pattern for
the individual male shown in (B). (Similar data are shown for males
aged 6-18 years in Fig. 3.14 [5].) Immediately after birth there is a
sharp drop in the rate of growth (velocity) in terms of height (cm/
year) until about 2 years, followed by a period of steady growth
(increase in height) until the marked growth spurt associated with
puberty from around 10 years of age in girls and 12 years in boys
(C). The height of boys is generally greater than for girls and the
actual height varies between populations and is affected by nutrition
and other factors. The steep post-natal drop in human growth rate
may be associated with a rapid decline in proliferation of myogenic
precursor cells (myoblasts) to reach a relatively low level of prolifer-
ation corresponding with more stable growth. This suggestion is
based on observations in mice where myogenic cell proliferation
declines rapidly post-natally to almost cease by 2-3 weeks (dis-
cussed in Section on Myofibre Stability [8, 9]). It is tentatively
suggested that the sarcolemma of neonatal myofibres where growth
involves fusion of many myoblasts (hyperplasia) may have different
properties to the sarcolemma of myofibres where growth is due
mainly to hypertrophy. Such differences might contribute to the
acute manifestation of dystropathology around 3 weeks of age in the
mdx mouse model of DMD (Duchenne muscular dystrophy) a human
paediatric disease that is clinically evident from around 2 years of
age, when the growth rate (B,C) starts to stabilise (see caption for
Fig. 5).
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Duration of main postnatal growth- associated muscle damage

Figure 5. Duration of the main post-natal growth phase in three
species. This comparison emphasises the vastly different length of
the main growth phase (weeks, months, years) in mice, dogs and
humans (this is not drawn to scale due to the huge differences in
parameters). The very different body size and weight of these
species and consequences on muscle loading also need to be
considered. The duration and pattern of the growth phase in these
three species is important with respect to dystrophin deficiency,
since it is proposed that necrosis of dystrophic myofibres is exacer-
bated by growth [58]. The dystropathology in mdx mice is very mild
whereas the severity of the disease in dog models of DMD more
closely resembles the human condition. In mice, the growth rate
(measured by body weight mg/day) is maximal at 3 weeks and then
drops dramatically to a low level by 6 weeks, followed by a very slow
phase up to 10 weeks where growth almost ceases (adult phase).
The proposal that maximum necrosis occurs during growth is
supported by the high level of acute necrosis in limb muscles of the
dystrophic mdx mouse between 3 and 4 weeks of post-natal age
that abates after the main growth phase to a relatively mild, albeit
ongoing, dystropathology in adult mice. Pronounced fibrosis is only
manifested in mdx limb muscle very late in life, although it is a
feature of adult mdx diaphragm muscle probably due to the
repeated contraction of this muscle [79]. Contraction resulting from
exercise also exacerbates the mild dystropathology of limb muscles
in adult mdx mice [79]. For dogs, the most widely studied is the
golden retriever muscular dystrophy (GRMD) dog model of DMD
where the main growth phase is around 3-6 months of age and the
phenotype can be severe, although is highly variable [80]: dystro-
phin-defective dogs have been described for over 15 breeds [81].
The dogs manifest dystropathology at birth and even within a short
time, e.g. months in the GRMD dogs, the sustained and increasing
fibrosis associated with repeated cycles of necrosis progressively
impairs myogenesis, so that damaged muscle is instead replaced by
fat and fibrosis connective tissue during this time. Similarly, in
humans this accumulating fibrosis from ongoing damage associated
with growth over a few years in children results in pronounced dys-
tropathology with major loss of skeletal muscle mass and function,
even in very young boys.
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The elongation of bones that results in a height increase is also
not continuous and varies throughout the day: implantation of
tiny sensors into the tibia of lambs showed that at least 90% of
bone elongation occurred when the animals were sleeping or
at rest [57]. It was suggested that pressure on the growth plates
of long bones, such as the tibia, was eased when the animal
was at rest, permitting the bones to elongate. It seems likely
that this is also the case in humans and that the sudden leg
pains experienced by children, frequently at night, are truly
growing pains, especially since these occur predominantly in
the weight-bearing lower extremities. Clearly such bone
elongation has consequences for the attached muscles.

Does growth exacerbate myofibre necrosis in DMD?

The importance of growth (Fig. 4) is emphasised for the
X-linked paediatric muscle disease DMD that affects mainly
boys, where it is proposed that growing skeletal muscle is
more susceptible to necrosis than mature muscle [58]. The
disease manifests clinically around 2-3 years of post-natal
age. This time of onset may relate to walking and greatly
increased bipedal activity and muscle loading. Interestingly,
onset occurs after the pronounced neonatal drop in growth
rate and corresponds with transition to the steady growth rate
of childhood (Fig. 4B and C). This might reflect transition from
hyperplasia to hypertrophy with further differences in sarco-
lemmal properties (discussed in Fig. 4 caption). The disease
progresses with increasing muscle weakness and loss of
muscle mass, leading to death by about 30 years due to
respiratory and cardiac failure: lifespan can be extended by
assisted ventilation and drugs such as corticosteroids [59, 60].
While corticosteroids can reduce the severity of dystropathol-
ogy, they are commonly associated with adverse side effects
including vertebral bone fracture [60], growth retardation and
restricted height. For example, DMD boys treated with defla-
zacort were about 20 cm shorter at 15 years of age [61] and it
has been proposed that such stunted growth may actually be
beneficial and contribute to the reduced severity of muscle
damage and dystropathology. Strong evidence to support this
is provided by studies of pituitary dwarfism associated with
inherited growth hormone deficiency in DMD boys and animal
models of dystrophy [62, 63]. Although caution should be
exercised because of the small sample size, further support
for the proposal that growth exacerbates myofibre necrosis in
DMD is provided by a one-year controlled, double-blind thera-
peutic trial with the drug mazindol, an inhibitor of growth
hormone, administered to one sibling of a pair of monozygotic
twins aged 7.5 years with DMD: after one year the placebo
treated twin was strikingly worse than his brother, whose
condition was almost arrested [64].

A striking feature of DMD is that specific muscles, such as
extraocular muscles, are relatively spared in DMD boys (and
models of this dystrophy) in marked contrast with limb and
other muscles [65]. Many factors have been investigated to
further understand the basis for these marked differences in
susceptibility to myofibre necrosis [66]. Since the onset of
dystropathology occurs during the growth phase, it seems
pertinent to consider the contribution to the severity of dys-
tropathology of the vastly different post-natal growth kinetics
for these muscles in vivo, contrasting the dramatic length
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increase of limb muscles with minimal growth of extraocular
muscles (discussed above and in Fig. 3).

The impact of the length of the growth phase associated
with increased myofibre necrosis also needs to be considered
with respect to mouse, dog and other mammalian models used
to study DMD and other human diseases, since the kinetics of
juvenile growth are vastly different between these species and
this correlates with the severity of the dystropathology (see
Fig. 5 for further discussion).

Myofibre necrosis leads to inflammation and associated
fibrosis, along with new muscle formation during regener-
ation. Satellite cells are required for new muscle formation.
The proposal that this cell population is exhausted over time
by the repeated demand for regeneration in dystrophic
muscles, possibly due in part to shortened telomeres over
time as indicated in muscles from DMD boys [67], is strength-
ened by long-term studies in mdx mice lacking telomerase
where shortened telomeres exacerbated the severity of dystro-
pathology [68]. A different explanation is that the myogenic
regenerative potential is crippled in all species due to pro-
gressive accumulation of fibrosis that results in lineage con-
version of myogenic precursors into non-myogenic fibroblasts,
leading to replacement of muscle by fatty and fibrous connec-
tive tissue [21, 31, 69, 70]. Such resultant loss of muscle tissue
is a progressive feature of the DMD condition and is pro-
nounced even in young boys (due to ongoing necrosis over
many years), well before the onset of the growth spurt associ-
ated with puberty. In extreme contrast, the growth phase is
only a few weeks in mdx mouse and thus minimal fibrosis
occurs before mdx mice stabilise as adults.

The proposed exacerbation of damage to dystrophic myo-
fibres by growth raises the possibility that less intensive treat-
ments might protect muscles during the adult phase, provided
that a sufficient muscle mass can indeed be maintained until
this time — clearly a much greater challenge in humans than
mice. This proposal also emphasises that juvenile mdx mice
may be a useful model to study the protective effects of drug
and nutritional interventions for juvenile DMD boys, com-
pared with the use of adult mdx mice.

Why are dysferlinopathies manifested after growth
has ceased?

Dysferlinopathies involve progressive muscle wasting and
have a variable phenotype. They typically begin in the late
teenage years and include Limb-girdle muscular dystrophy 2B
(LGMD 2B) and Miyoshi myopathy. They are caused by
mutations in the gene encoding dysferlin, a transmembrane
protein associated with T-tubules and the sarcolemma,
involved in membrane vesicle trafficking and fusion events.
Adult dysferlin-defective myofibres have mis-localised
mutated dysferlin and impaired resealing of damaged sarco-
lemma [55, 71]. Dysferlinopathies affect both women and men.
Prior to clinical onset, dysferlin patients are often very active
in sports yet appear to be pre-symptomatic, indicating that
skeletal muscles readily compensate for any problem during
the growth phase. The gender differences in cessation of
growth (Fig. 4C) correspond to the timing of most reports of
clinical onset of dysferlinopthy soon after the growth spurt
associated with puberty in females by 16 years and males by
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17-20 years (with a mean onset age of 21 years); however,
specific mutations of the dysferlin gene can lead to earlier or
later clinical onset [72].

This post-growth onset suggests that the manifestation of
defects in dysferlin may relate to different molecular mech-
anisms being used for sarcolemmal resealing of growing
juvenile and adolescent myofibres (perhaps dysferlin inde-
pendent) compared with mature adult muscles (dysferlin
dependent). If this proves to be the case, then the need to
use ‘mature muscle’ experimental models (isolated myofibres
in culture or adult animals in vivo) is emphasised for this post-
growth muscle disease, in order to identify the best targets for
potential therapeutic interventions for dysferlinopathies in
humans [for extensive information on dysferlinopathies see
www.jain-foundation.org].

Conclusions

The scale and timing of post-natal growth is clearly very
different between mice and humans. Reconciling data from
disparate studies that use either immature myotubes in vitro
or mature skeletal myofibres in situ can be challenging, and
the relevance to clinical situations needs to be critically eval-
uated. What is surprising is that almost no consideration has
been given to the properties of the growing sarcolemma during
the extraordinary myofibre expansion in volume and length
required to attain the full adult myofibre size. Skeletal myo-
fibres are unique with respect to this impressive increase in
cell size that occurs over many years in humans. The hypoth-
esis that the sarcolemma of an actively growing myofibre has
different properties to the sarcolemma of a mature adult myo-
fibre appears completely novel. It seems likely that some
properties of the sarcolemma (and maybe also T-tubules
and other cell membranes) do indeed differ with growth,
e.g. with reference to signalling response to growth factors
such as IGF-1, calcium regulation, membrane fluidity, lipid
raft distribution, lipid composition and the role of dysferlin.
This has many implications for fundamental muscle biology,
selection of models for research and, importantly, for insight
into clinical muscle diseases and potential therapies. It will be
fascinating to see what research into this topic reveals.
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