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Abstract Changes in the neuromuscular system affecting the ageing motor unit manifest
structurally as a reduction in motor unit number secondary to motor neuron loss; fibre type
grouping due to repeating cycles of denervation-reinnervation; and instability of the neuro-
muscular junction that may be due to either or both of a gradual perturbation in postsynaptic
signalling mechanisms necessary for maintenance of the endplate acetylcholine receptor clusters
or a sudden process involving motor neuron death or traumatic injury to the muscle fibre.
Functionally, these changes manifest as a reduction in strength and coordination that precedes

Russell T. Hepple is a Professor in the Department of Kinesiology & Physical Education and at the
Research Institute of the McGill University Health Centre at McGill University, Montreal, Canada. He is
also Director for the McGill Research Centre on Physical Activity and Health. His research interests have
focused on the mechanisms of atrophy and contractile dysfunction in ageing muscle using both animal
models and clinical populations. Charles L. Rice, PhD is a professor in the School of Kinesiology and
the Department of Anatomy & Cell Biology at The University of Western Ontario, London, Canada. He
is also Research Director for the Canadian Centre for Activity and Aging, London, Canada. Research
interests are focused at the motor unit level in humans under conditions of health, disease and fatigue.
Many studies during his career have centred on adult ageing and the relationship between sarcopenia
and motor unit structure and function.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society DOI: 10.1113/JP270561



1966 R. T. Hepple and C. L. Rice J Physiol 594.8

a loss in muscle mass and contributes to impairments in fatigue. Regular muscle activation in
postural muscles or through habitual physical activity can attenuate some of these structural
and functional changes up to a point along the ageing continuum. On the other hand, regular
muscle activation in advanced age (>75 years) loses its efficacy, and at least in rodents may
exacerbate age-related motor neuron death. Transgenic mouse studies aimed at identifying
potential mechanisms of motor unit disruptions in ageing muscle are not conclusive due to many
different mechanisms converging on similar motor unit alterations, many of which phenocopy
ageing muscle. Longitudinal studies of ageing models and humans will help clarify the cause
and effect relationships and thus, identify relevant therapeutic targets to better preserve muscle
function across the lifespan.
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Abstract figure legend Schematic depiction of the aging motor unit where fibers of the same colour belong to the same
motor unit. A degenerating axon is depicted by the dashed orange line.

Abbreviations AChR, acetylcholine receptor; MHC, myosin heavy chain; MU, motor unit.

Introduction

The motor unit, consisting of a motor neuron and the
myofibres it innervates, undergoes profound changes with
ageing. Indeed, deterioration of neuromuscular junction
morphology was reported in aged rodents at least as far
back as 1966 (Gutmann & Hanzlikova, 1966) and this
was confirmed in elderly humans nearly 20 years later
(Oda, 1984). There is also strong support for repeating
cycles of denervation–reinnervation causing remodelling
of the motor unit and fibre type grouping (Kanda &
Hashizume, 1989; Lexell & Downham, 1991), motor
neuron death causing motor unit loss (Tomlinson &
Irving, 1977; McNeil et al. 2005), sporadic myofibre
atrophy and angular fibre shape (Lexell & Taylor, 1991;
Rowan et al. 2011), and expression of multiple myosin
heavy chains (MHCs) within a given myofibre (MHC
co-expression) (Andersen et al. 1999) that has been linked
to denervation in advanced age (Rowan et al. 2012). Since
these motor unit changes contribute to many of the most
functionally relevant changes in ageing muscle, including
muscle atrophy and increased susceptibility to falls, in
recent years there has been a significant push to under-
stand the mechanisms causing neuromuscular junction
instability and the persistence of denervated myofibres
in ageing muscle (Rudolf et al. 2014). On this basis,
this review will focus upon the structural and functional
manifestations of neuromuscular alterations in ageing
muscle and current thinking about their mechanistic basis.

Neurophysiological manifestations in ageing muscle
morphology

Ageing causes progressive skeletal muscle atrophy and
weakness, and other functional impairments, where

neurophysiological alterations play a key role in driving
these changes. The evolving nature of alterations in neuro-
physiological processes affecting the motor unit with
advancing age and how these alterations manifest at the
muscle morphological level are depicted in Fig. 1 and
summarized below.

For much of adult life muscle undergoes repeating
cycles of denervation and reinnervation. These cycles of
denervation–reinnervation involve a transient disconnect
of an individual muscle fibre from its motor neuron,
followed by reinnervation by the original motor axon
(if still intact) or through collateral sprouting of
an adjacent motor neuron axon. This process of
denervation–reinnervation in ageing skeletal muscle pre-
sents at the single myocyte level as significant disruption
of the neuromuscular junction components, including
decreased overlap of the pre- and postsynaptic structures;
narrowing of the terminal axons; altered distribution of
laminin, acetylcholine receptors and other postsynaptic
membrane proteins; and extensive sprouting of terminal
axons (Balice-Gordon, 1997; Jang & Van Remmen, 2010;
Chai et al. 2011; Samuel et al. 2012). Importantly, these
changes in neuromuscular junction structure have been
shown in rat to occur at an earlier age than myofibre
atrophy (Deschenes et al. 2010).

Current hypotheses proposed to account for the trans-
ient denervation events in ageing muscle include (i) a
gradual process in which the signalling network necessary
for maintaining the neuromuscular junction becomes
perturbed (Balice-Gordon, 1997; Samuel et al. 2012;
Personius & Parker, 2013), and (ii) a sudden change
related to motor neuron death and/or axon degeneration
(Faulkner et al. 2007), or traumatic injury causing myo-
fibre necrosis and subsequent deterioration of endplate
morphology (Li et al. 2011). Interestingly, one recent study
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showed in ageing female mice that marked disruption
of the endplate morphology occurred in the absence
of a loss of spinal cord motor neurons. This suggests
that at least in female mice, denervation events in
ageing must primarily occur as a function of changes
within the muscle (e.g. impaired neuromuscular junction

signalling, axon degeneration, and/or traumatic myo-
fibre injury). Whether this also applies to male rodents
has not been determined and there are no parallel
studies in humans. What has been established from
human cadaveric samples is that there is a progressive
loss of spinal cord motor neuron cell bodies that

Young adulthood
(20-30 y)

Old (65-75 y)

Very old (>75 y)

3-dimentional
morphology

Cross-sectional
morphology

Figure 1. Morphological impact of motor unit
alterations in aging muscle
Young adulthood is characterized by an
intermingling of fibres belonging to different motor
units. This yields a mosaic distribution of fibre types
when muscle fibres are viewed in cross-section.
Adulthood to old age is characterized by repeating
cycles of denervation–-reinnervation that result in
fibres of the same type being beside one another
(fibre type grouping) when viewed in cross-section.
Very old age is characterized by increasing
frequency of axonal degeneration and/or motor
neuron death leading to grouped fibre atrophy
when viewed in cross-section.
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becomes significant in the seventh decade of life and
exhibits considerable individual-to-individual variation
(Tomlinson & Irving, 1977), suggesting some individuals
may be more vulnerable to motor neuron loss with ageing.
Regardless of this latter possibility, current data indicate
that a loss of motor neurons contributes significantly to
denervation events in human muscle, especially from the
seventh decade onwards.

The result of denervation–reinnervation cycles in
muscle is a progressive collapse of the motor unit
spatial domain, causing clustering of fibres within a
given motor unit (Larsson, 1995) and the characteristic
fibre type grouping seen in ageing muscle (Kanda
& Hashizume, 1989; Lexell & Downham, 1991).
Because the phenomenon of fibre type grouping also
occurs in models in which only the stability of the
neuromuscular junction is perturbed (axon and motor
neuron remain intact; see below, Mechanisms of neuro-
muscular junction instability and link to ageing muscle
atrophy) (Butikofer et al. 2011; Kulakowski et al.
2011), further studies are required to determine the
relative contributions of traumatic injury, motor neuron
death, axon degeneration and neuromuscular junction
instability to denervation–reinnervation and resulting
fibre type grouping with ageing, and whether the relative
contributions change along the continuum of the ageing
process. Of interest too is whether habitual activity
patterns (exercise) can modify this essentially degenerative
process.

It is important to note that a fraction of denervated
fibres are not successfully reinnervated (for reasons that
are unclear) and such fibres will progressively atrophy,
becoming more angular in the process (Baloh et al. 2007).
Most of these long-term denervated fibres eventually will
be lost entirely. Notably, a loss of muscle fibres is also
seen in some models of neuromuscular junction instability
(Butikofer et al. 2011), suggesting that motor neuron loss
is not essential for fibre loss to occur. Although the relative
contribution of neuromuscular junction instability to
fibre loss with ageing remains unclear, the marked
accumulation of muscle fibres with small size and angular
shape in advanced age in both human muscle (Scelsi et al.
1980; Lexell & Taylor, 1991) and rodent muscle (Rowan
et al. 2011; Purves-Smith et al. 2012; Rowan et al. 2012)
is strongly suggestive of failed reinnervation at these more
advanced ages.

Another striking feature of ageing muscle is grouped
fibre atrophy, particularly in advanced age (Lindboe &
Torvik, 1982) when muscle atrophy accelerates (Rowan
et al. 2011) and becomes more clinically relevant in
terms of causing mobility impairment, falls and physical
frailty. Grouped fibre atrophy is common in neuro-
muscular diseases involving axonal degeneration (e.g.
spinal muscular atrophy diseases; Ruidnik-Schoneborn
et al. 2004) and occurs, firstly, because repeating cycles

of denervation and reinnervation have caused fibres
belonging to the same motor unit to cluster together, and
secondly, either because an axon plugging into multiple
muscle fibres within the motor unit degenerates or because
an entire motor neuron dies, causing atrophy of all of the
fibres previously linked to this axon or motor neuron.
Thus, when whole muscle atrophy accelerates in very
advanced age this is characterized morphologically by
significant grouped fibre atrophy and accelerated muscle
fibre loss (Lexell et al. 1988) and is coincident with a
significant loss of motor neuron cell bodies in the spinal
cord (Tomlinson & Irving, 1977; Faulkner et al. 2007;
Rowan et al. 2012). On this basis, although early changes in
the neuromuscular junction that cause fibre type grouping
can occur prior to significant loss of motor neurons (Chai
et al. 2011), it seems likely that motor neuron death
becomes a much more significant driver of muscle atrophy
at advanced age. Furthermore, the grouped atrophy
may contribute to failure of reinnervation of denervated
fibres that are surrounded by other denervated fibres by
increasing the distance to the nearest intact axon available
for collateral sprouting.

Changes in motor unit numbers and properties
in ageing human muscle

There is some limited and indirect support for
declining neurological function and aspects of the
denervation–reinnervation process in human cross-
sectional studies. The majority of those studies related
to the neuromuscular system have compared younger
adults (�20–35 years) with usually one group of older
adults, whose ages range from 60–65 years to over 90 years
depending on the study. When compared collectively,
the gradual decline in function (strength) that begins
around 30 years of age is accelerated after �60 years
of age (Rice & Cunningham, 2001), consistent with the
model depicted in Fig. 1 and described above. It is
also interesting that some reports find the reduction in
strength with ageing occurs prior to significant muscle
loss, and even after muscle loss occurs the reduction
in strength is greater than can be accounted for by
muscle atrophy alone (e.g. Goodpaster et al. (2006).
In addition, declining motor nerve function in humans
is associated with strength declines with ageing, and
importantly, those who have greater declines in motor
nerve function also have greater declines in strength (Ward
et al. 2015). Collectively, therefore, it appears that neuro-
logical impairments contribute to strength declines with
ageing prior to changes in muscle mass.

Estimates of motor unit (MU) numbers using electro-
physiological techniques from various upper and lower
limb muscles reveal that, generally, MUs are lost with age
and the loss may be as much as 70% when comparing
those in their third decade with those in their ninth
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decade (Campbell et al. 1973). In one study, McNeil
et al. (2005) compared numbers of MUs in the tibilais
anterior among three groups: young adults (�25 years),
older adults (�65 years) and very old adults (�80 years).
Estimated MU numbers were �40% lower in the older
group compared with the young who differed in age by
about 40 years, but the very old group representing only
a further 15 years age difference had �33% fewer MUs
compared with the older group. Thus, MU estimates in
ageing humans support the notion that there is a more pre-
cipitous decline in muscle mass and function in advanced
age (beyond the seventh decade) likely to be secondary to
motor neuron loss.

Notwithstanding the morphological evidence of end-
plate disruption in aged human cadaver muscles (Oda,
1984), evidence of altered neuromuscular transmission
function that may involve the neuromuscular junction
in humans is limited and is necessarily indirect. Electro-
physiology measures obtained from quantitative needle
electomyographic techniques that reflect properties of the
MU potentials have provided indices of transmission or
junctional stability (‘jiggle’, where less stability is reflected
in more jiggle) and collateral re-innervation (‘jitter’, where
higher fibre number per MU produces less jitter) (Stalberg
& Sonoo, 1994). These techniques have been applied
in various neuromuscular diseases and have indicated
less junctional stability, for example in patients with
amyotrophic lateral sclerosis (Stalberg & Sonoo, 1994;
Campos et al. 2000) and diabetic neuropathy (Allen et al.
2015). In relation to ageing, one recent study reported that
jiggle values were significantly greater in older adults when
compared with younger adults in two lower limb muscles
(tibialis anterior and vastus medialis), an observation
suggesting neuromuscular junction instability in ageing
human muscle (Hourigan et al. 2015). Collectively,
therefore, these human studies support the idea that
MU loss occurs with ageing, that it accelerates beyond
the seventh decade of life, and that these changes are
accompanied by neuromuscular junction instability. As
noted above, however, these studies are cross-sectional
in design and thus additional studies involving repeated
measures on the same subjects across a relevant period
of the lifespan (e.g. between the ages of 65 and 75 years
and between 75 and 85 years), perhaps combined with
biopsy measures of muscle morphology, would provide
important insights into the individual evolution of neuro-
logical deficits and their impact on ageing human muscle.

Functional consequences of age-related motor unit
remodelling

The MU is the elemental unit of contractile function and
through the processes of recruitment and derecruitment
of MUs, and modulation of their firing rate patterns,
muscle force is controlled and modified for appropriate

movements. Through age-related remodelling (described
above) the neuromuscular system of older adults performs
with fewer, but larger, motor units and the high-end range
of average MU firing rates recorded during isometric
voluntary contractions is diminished to variable relative
degrees compared with younger adults, effects that vary
depending on the muscle (Connelly et al. 1999; Dalton
et al. 2008; Power et al. 2013). In addition to loss of
muscle mass, force per unit of muscle is diminished and,
generally speaking, velocity of contractions is reduced.
Thus, absolute force is lower, and contractile speeds and
rates of force development and relaxation are slowed in
aged compared with young adults (Power et al. 2013). It
is likely that these impairments in contractile response
with ageing are due to intrinsic changes in the myocyte
contractile machinery (e.g. oxidative damage to proteins
involved in cross-bridge cycling; Li et al. 2015) and a shift
to greater relative numbers of slow-type MUs (Lexell &
Downham, 1991), and to extrinsic factors namely blunted
or altered activation of the fibres by the motor neuron
and/or impaired junctional transmission.

It has been speculated that due to the strong matching
of motor neuron properties and constitutive muscle fibre
properties (Gardiner & Kernell, 1990), MU firing rates in
aged humans are lower to maintain the speed-match with
the slower contractile properties (Connelly et al. 1999).
This speculation may be overly simplistic because sub-
sequently it has been shown that although firing rates
from a variety of limb muscles are generally lower with
adult ageing, the degree is variable among muscles and
does not always match contractile slowing, or there is
little contractile slowing in muscles that have lower firing
rates (Connelly et al. 1999; Roos et al. 1999; Dalton
et al. 2009; Dalton et al. 2010b). Thus, interpretations
about the functional significance from these relatively
few cross-sectional studies in humans, in which other
factors such as life-long environmental or physical activity
patterns (see below) are influential, are currently limited.

These findings noted in the preceding paragraph under-
score the challenge in the field of how to determine
whether age-related changes in contractile quality and
motor neuron output are coincidental, in that intrinsic
changes in the muscle and motor neuron may occur
independently, or that the processes related to MU
remodelling may have dictated compensatory alterations
in contractile function. Although recruitment order does
not seem altered, recruitment thresholds may be slightly
lower in older compared with younger adults, reflecting
a greater percentage of slower MU types (Erim et al.
1999). There is some indirect evidence of small changes
in aspects of intrinsic motor neuron (Pascoe et al. 2011)
and axonal excitability properties (Jankelowitz et al. 2007),
which may affect thresholds and integration of synaptic
drive and indeed may contribute to the well-established
reduction in average firing rates reaching the muscle for
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the generation of high force (see above). The activation
pattern of often recorded doublets (i.e. brief pairs or triads
of action potentials at the start of a train of potentials)
to enhance rates of force development when a unit is
recruited also may be blunted in an aged system (Christie
& Kamen, 2006). Despite lower maximal firing rates of
MUs with ageing, the exact mechanism(s) contributing
to this feature are not known, but it does not seem to be
due to impaired voluntary activation from spinal (Jakobi
& Rice, 2002) or supraspinal levels (Molenaar et al. 2013).

It is important to appreciate that intramuscular
electomyographic signals from which MU firing rates
have been recorded in studies cited above do not
necessarily directly reflect axonal efferent traffic. Thus,
microneurographic recordings of motor axon rates of
action potentials during voluntary contractions (or
stimulation of MUs at varying rates), in conjunction with
intramuscular electomyographic recordings and force
recordings, would be useful to assess the capacity and
fidelity of the neuromuscular junction in ageing humans.
Regardless of this current gap in knowledge, on the basis of
available evidence it seems likely that there is progressive
disruption at multiple levels within the ageing neuro-
muscular system and that this results in a mismatch at
multiple levels with advancing age.

The functional consequences of an altered system of
MUs with ageing have been most frequently considered
in the context of causing reduced force output (strength),
and slower contractile capacity. From the perspective of
functional relevance, particularly to activities of daily
living, at least in the early stages of ageing the loss of
absolute strength per se is not as detrimental as loss of
muscle control and contractile quality. Importantly, when
a loss of strength and contractile speed are combined,
work and power capacity become critically affected in the
aged adult (Power et al. 2013). These features are manifest
from minimally complicated tasks such as force steadiness,
to more complex integrative whole-body tasks such as
balance and gait, which when affected contribute to falls
and loss of autonomy.

When a person is asked to target a force level or to follow
a simple muscle activation pattern, it has been proposed
that an increased force variability (loss of steadiness) is
related to MU remodelling in that smooth graded control
is affected negatively by having fewer larger units, a greater
concentration of one type of unit, and increased MU train
variability in firing rates (Christou, 2011). These same
features may then translate into problems with balance,
consistent with evidence that postural sway is greater
in older adults and that their recovery from postural
perturbations is blunted (Enoka et al. 2003; Dalton et al.
2014; Kanekar & Aruin, 2014). An impaired ability to
rapidly initiate and generate muscle force, whether iso-
metrically or dynamically, will result in a neuromuscular

response that is insufficient to withstand a perturbation or
to adequately compensate before task failure. A common
example in aged adults is attempting, but failing, to recover
from a trip that then leads to a fall (Takacs et al. 2013).
Thus, as the neuromuscular system is affected by ageing,
including marked changes in the MU noted above, critical
functional thresholds are reached whereby insufficient
power is available to recover from an accidental trip (and
prevent falls) or to undertake common daily activities such
as rising from a chair, walking or stair-climbing (Rice &
Cunningham, 2001; Kato et al. 2015).

When muscles are repeatedly activated, parts of the
neuromuscular system will eventually be compromised
or fail (neuromuscular fatigue), leading to performance
cessation. Because of substantial structural and functional
alterations to the system with ageing, neuromuscular
fatigue may under some circumstances be exacerbated
with ageing. For isometric tasks on a relative basis, healthy
older adults may be more resistant to fatigue or similar to
younger adults (Kent-Braun, 2009; Christie et al. 2011),
although very old adults (> 75 years) are more fatigable
than younger adults (Justice et al. 2014). The greater failure
of the system at advanced ages compared with younger
adults may indeed relate to the increased cumulative
effects of MU remodelling. In contrast, dynamic contra-
ctions more consistently reveal greater fatigability in
older compared with younger adults (Petrella et al. 2005;
McNeil & Rice, 2007; Dalton et al. 2010c, 2015), due
to the combined impact of a reduction in velocity and
contractile strength. Whereas exacerbated neuromuscular
fatigue with ageing is often suggested to be secondary
to down-regulation of muscle energetics (see Christie
et al. 2014; Layec et al. 2014), the role for the motor
output side of the system is not clear, partly because
studies are few in number at the MU level on this topic.
For example, although it is generally well-accepted that
in younger individuals MU firing rates decline trans-
iently after moderate to high intensity fatiguing tasks
(Bigland-Ritchie et al. 1995), in older subjects it seems
that rates are also depressed (Rubinstein & Kamen, 2005;
Dalton et al. 2010a); however, it is unclear whether the
degree is similar for old and young, or under what tasks.
On the other hand, in only one study available, recovery
of firing rates was delayed in the older group after fatigue
compared with the young adults (Dalton et al. 2010a).
Notwithstanding the limited data available, in view of
the features of age-related remodelling described above,
it seems likely that fatigue-related feedback for control
of motor neuron output, coupled with reduced reserve
for action potential transmission along the axon and
across the neuromuscular junction, would contribute to
exacerbate neuromuscular fatigue with ageing. Cleary,
further exploration is required on these aspects under
different paradigms to stress various sites in the system.
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Mechanisms of neuromuscular junction instability
and link to ageing muscle atrophy

The elemental components of the neuromuscular
junction comprise the presynaptic terminal axons of
the motor neuron, the perisynaptic Schwann cell which
envelopes the axon terminals at the endplate, and
the acetylcholine receptor cluster on the postsynaptic
membrane of the muscle fibre. The stability of the adult
neuromuscular junction is maintained in part by an
elegant signalling cascade involving communication from
the terminal motor neuron to the myofibre to maintain
the accurate targeting of the motor neuron to the end-
plate. Amongst these signalling molecules is neural agrin
(Connor & Smith, 1994; Bowen et al. 1998; Mars et al.
2003), a protein released from the terminal axon, which
in turn activates a muscle-specific tyrosine kinase in the
postsynaptic membrane called MuSK, via its interactions
with low-density lipoprotein receptor-related protein 4
(LRP4; acting as a co-receptor for neural agrin) (Wu
et al. 2010). In the absence of neural agrin (e.g. using
antibodies against agrin or over-expressing its end-
ogenous protease, neurotrypsin) neuromuscular junction
disassembly occurs within days (Mars et al. 2003; Bolliger
et al. 2010). The basis for this is that agrin-activated (i.e.
phosphorylated) MuSK signals the acetylcholine receptors
(AChRs) to cluster in a configuration often likened to
that of a pretzel, a process that is also dependent upon
the docking protein downstream-of-tyrosine-kinase 7
(Dok7), the membrane-associated rapsyn protein (Wu
et al. 2010), protein kinase A and myosin Va (Roder et al.
2010) (Fig. 2). This clustered formation of the AChRs
permits the terminal axon to correctly target the post-
synaptic endplate to maintain a functional neuromuscular
junction. Additional evidence of the importance of MuSK
signalling to neuromuscular junction maintenance is

shown by the form of congenital myasthenia gravis
in which auto-antibodies are produced against MuSK
(Selcen et al. 2004; Punga et al. 2011). Interestingly, this
MuSK-dependent form of myasthenia gravis has been
likened to premature ageing in reference to its impact
on the neuromuscular junction (Shigemoto et al. 2010),
but experimental evidence examining the agrin–MuSK
pathway in ageing muscle is presently sparse. Furthermore,
although the perisynaptic Schwann cells are also essential
to the integrity of the neuromuscular junction, and are
particularly important in coordinating axonal sprouting
during reinnervation (Auld & Robitaille, 2003; Sugiura
& Lin, 2011), how their function may become perturbed
with ageing is unknown.

In regard to the impact of ageing on the agrin–MuSK
signalling axis, Hettwer et al. (2012) have previously
reported that a subclass of elderly with severe muscle
atrophy exhibit high circulating levels of cleaved agrin
fragment, which they interpreted as evidence for hyper-
activity of neurotrypsin that would in turn reduce
MuSK activation with ageing. In addition, we have
previously reported a marked reduction in MuSK
protein at the neuromuscular junction in very old rat
muscle (Gouspillou et al. 2013). Interestingly, a mouse
engineered with a defect in autophagy, the ATG7−/− mouse
(described in the next section) exhibits perturbed end-
plate morphology that is also associated with a reduction
in MuSK. However, an important caveat is that it is
unclear whether reduced MuSK causes (precedes) end-
plate disruption or whether it occurs as a secondary
consequence of denervation due to some other cause in
ageing muscle (e.g. traumatic myofibre damage leading to
denervation; Li et al. 2011). Underscoring the challenges
currently facing the field in trying to understand the
mechanisms causing neuromuscular junction instability
in ageing muscle, generally speaking many mouse models

Motor neuron

Va

Rapsyn

PKA-R1

MuSK MuSK

A
C

hR

Neurotrypsin

Cytoskeleton

Agrin
Figure 2. The maintenance of the adult
neuromuscular junction depends upon several
proteins
Neural agrin released from the terminal motor
neurons activates muscle-specific kinase (MuSK)
which in turn recruits rapsyn to the subsynaptic
domain where it acts in conjunction with protein
kinase A R1 (PKAR1) and myosin Va (Va) to anchor the
acetylcholine receptors (AChR) to the cytoskeleton.
This signalling network thus ensures that the terminal
axons of the motor neuron directly oppose the
postsynaptic membrane acetylcholine receptors to
maintain a functional synapse. Note that at the
neuromuscular junction agrin is inactivated by the
endogenous protease, neurotryspin.
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that have been developed to test the involvement of specific
mechanisms in deterioration of the motor unit with ageing
show a frustrating similarity in muscle phenotypes, as will
be discussed in the next section (see below, Murine models
recapitulating neurological features of ageing muscle).

Regardless of the lack of clarity about the causes of
neuromuscular junction instability with ageing, when
this instability yields a denervation event it can be
an important cause of muscle atrophy with ageing.
Specifically, experimental studies indicate that surgical
denervation causes a marked upregulation of several
so-called atrogenes, including atrogin-1/muscle atrophy
F-box (MAFbx), muscle ring finger protein 1 (MuRF1)
(Bodine et al. 2001), and the recently discovered muscle
ubiquitin ligase of the SCF complex in atrophy-1 (MuSA1)
(Sartori et al. 2013) and specific of muscle atrophy
and regulated by transcription (SMART) (Milan et al.
2015). In all of these cases, the atrogenes target specific
proteins and function as ubiquitin ligases to identify
the proteins for degradation by the proteasome. It is
also important to note that there are likely to be many
other ubiquitin ligases involved in denervation that
have yet to be identified since each ubiquitin ligase is
believed to have a limited and very specific number of
protein targets. In the context of ageing, we have pre-
viously shown that muscle fibres positive for a marker
of denervation, the sodium channel isoform Nav1.5,
exhibit an up-regulation of MAFbx and MuRF1 immuno-
staining and are markedly smaller than Nav1.5-negative
(innervated) fibres (Rowan et al. 2012), providing strong
evidence of the importance of this pathway in atrophy
of denervated muscle fibres with ageing. In addition
to the proteasomal degradation pathway, denervation
also stimulates the autophagy-lysosome pathway, to
collectively provide a means of degrading proteins,
organelles and cytoplasm in response to denervation
(Schiaffino et al. 2013). Although many details remain
to be understood, denervation causes mitochondrial
fission and an increase in mitochondrial reactive oxygen
species production (Muller et al. 2007; Romanello et al.
2010), which then activates both the proteosomal and
autophagy-lysosome pathways through nuclear trans-
location of forkhead box (Fox) O transcription factors
(Bhattacharya et al. 2009; Romanello et al. 2010; Milan
et al. 2015).

Murine models recapitulating neurological features
of ageing muscle

Recent years have seen a marked increase in the number
of mouse models that reproduce key features of neuro-
logical impairment in ageing muscle, including gross
motor changes causing weakness and gait impairment,
and cellular changes such as neuromuscular junction
instability, fibre type grouping, fibre loss, MHC

co-expression and sporadic fibre atrophy (Table 1).
However, despite producing strikingly similar outcomes
for muscle, these models produce these changes by very
different mechanisms. Specifically, the SOD1−/− mouse
exhibits marked oxidative stress and mitochondrial
impairment that causes neuromuscular junction
instability and motor neuron dysfunction (Jang et al. 2010;
Sakellariou et al. 2014; Shi et al. 2014); the ATG7−/− mouse
has a defect in autophagy that results in impaired AChR
recycling (Carnio et al. 2014); the TrkB+/− mouse has
impaired neurotrophin signalling due to reduced muscle
receptor density for brain-derived neurotrophic factor
and neurotrophin 4/5 (Kulakowski et al. 2011); the neuro-
trypsin over-expressing mouse has impaired agrin–MuSK
signalling resulting in unstable neuromuscular junctions
(Butikofer et al. 2011); and the laminin A-null mouse
(LMNA−/−) exhibits disruption of the nuclear lamina
leading to dramatically altered gene expression that in turn
causes myelin depletion and other motor axonopathic
features (De Sandre-Giovannoli et al. 2002). Notably,
there are also many neuromuscular disease models that
phenocopy aspects of neurally driven changes in muscle
ageing, including models of spinal muscular atrophy
characterized by motor neuron dysfunction and dropout
(Thomas et al. 2006; Ramzan et al. 2015), and models of
amyotrophic lateral sclerosis such as the SOD1G93A mouse
associated with the accumulation of denervated myofibres
and unstable neuromuscular junctions (Gordon et al.
2009; Perez-Garcia & Burden, 2012).

Although these different models produce striking
recapitulation of many key features of neurological
impairment in ageing muscle and are also associated with
contractile dysfunction and muscle atrophy, the lack of
specificity of the phenotypic and functional outcomes
currently precludes discerning which mechanisms account
for the defects in ageing motor units. Indeed, the reduced
MuSK level at the neuromuscular junction seen in ageing
muscle and its association with fragmentation of the
aged neuromuscular junction (Gouspillou et al. 2013)
is also seen with autophagy impairment (Carnio et al.
2014). It is also striking that the downstream effector of
activated MuSK, rapsyn, is reduced in muscle of mice with
exacerbated oxidative stress secondary to SOD1 knockout
(Jang et al. 2010). Therefore, based upon the fact that a
loss of MuSK and downstream AChR clustering signals
can occur as a consequence of denervation, it remains
unclear whether the reduction in MuSK is a cause or effect
of age-related denervation.

Attenuation of neurological changes in ageing
muscle by physical activity

Physical activity (muscle activation) is amongst the most
effective interventions known to slow the progression of
ageing muscle affects, including the neurological aspects.
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Table 1. Mouse models phenocopying neurological features of ageing muscle

Genetic alteration Muscle atrophy Altered NMJ MN loss Fibre type grouping MHC co-expression Denervation

SOD1−/− Y Y ? Y Y Y
ATG7−/− Y Y ? Y
TrkB+/− Y Y Y Y
Neurotrypsin Tg Y Y N Y Y Y
SOD1G93A Y Y Y Y Y Y
LMNA−/− Y Y Y Y

NMJ, neuromuscular junction. Neurotrypsin Tg: neurotrypsin over-expressing mouse.

Indeed, for a portion of the lifespan exercise training
may also be able to reverse some of these changes. For
example, Valdez and colleagues have previously shown that
one month of voluntary wheel running in 22-month-old
inbred mice attenuated endplate fragmentation; however,
benefits for the presynaptic structures were of lesser
magnitude (Valdez et al. 2010). Similarly, Deschenes and
colleagues showed that 10 weeks of treadmill exercise
training in 20-month-old inbred rats partially reversed the
age-related dispersion of postsynaptic endplate structures
in the soleus muscle (Deschenes et al. 2011). On the
other hand, there is also evidence that the plasticity
of the neuromuscular junction to physical activity is
attenuated with ageing, and denervation may become
exacerbated by exercise training in very old age. For
example, treadmill exercise training in young adult
(8 months old) inbred rats reduces the size of the post-
synaptic endplate area in plantaris muscle, but this was
not seen in exercise-trained 24-month-old inbred rats
(Deschenes et al. 2011). Furthermore, long term exercise
training (7 months) initiated in old (29 months old)
Fischer 344 x Brown Norway F1-hybrid rats (a model
that lives considerably longer with less pathology than
inbred strains of rats; Lipman et al. 1999) was associated
with greater muscle atrophy (Betik et al. 2009), and more
severe grouped fibre atrophy and accumulation of severely
atrophied angular fibres in very old rats (36 months
old) (Thomas et al. 2010). These latter findings suggest
that initiating exercise at a point in the lifespan where
significant MU remodelling has already occurred (e.g.
individual MUs are already expanded due to motor neuron
loss and collateral reinnervation by surviving MUs) may
overload the surviving MUs and cause a post-polio-like
dropout of remaining motor neurons in advanced age.
Whether this negative effect of physical activity in very
advanced age can be prevented through other adjuncts
to the training (e.g. nutritional interventions that reduce
oxidative stress) has not been determined.

Studies in humans, although less direct by necessity,
generally support an attenuation of neurological
alterations in ageing muscle by physical activity. For
example, the soleus muscle, which is chronically active
with any upright posture or activity in humans (Dalton

et al. 2009) and which is composed largely of slow
twitch fibres (> 80%) (Johnson et al. 1973), exhibits
only a marginal reduction in MU numbers in men aged
�75 years compared with those aged �27 years (Dalton
et al. 2008), which contrasts with findings from other limb
muscles summarized above (see above, Changes in motor
unit numbers and properties in ageing human muscle).
However, even the postural slow twitch muscle exhibits a
marked loss of MUs in men in their 10th decade compared
to younger adult men (Vandervoort & McComas, 1986),
showing that muscle activation can only delay, not prevent,
MU loss with ageing. This leads to the speculation that
because of the unique properties of the soleus (> 80% slow
twitch fibres), in combination with life-long activation
through postural maintenance, age-related MU loss is
delayed until reaching a very old age.

Further support for the idea that regular physical
activity may delay or modify alterations in MU properties
in humans with ageing was demonstrated in the tibialis
anterior muscles of chronic endurance runners aged
�65 years (Power et al. 2010). The older runners had
similar numbers of MUs to young adults (�25 years) and
both groups were about 35% greater than the numbers
found in age-matched healthy, but non-running older
adults. In a follow-up study in these runners, their biceps
brachii muscles (which presumably did not have the
same degree of chronic activation) were not ‘protected’
from losses of MUs (Power et al. 2012). Thus, although
regular physical activity is proposed to have a whole-body
neuroprotective effect with ageing (Valdez et al. 2010),
there is likely to be some degree of a muscle-specific
(motor neuron pool specific) neuroprotective effect due
to habitual activation (i.e. lesser benefit to motor neuron
pools beyond the principle ones activated).

In addition to the protection of MU numbers, seniors
who maintain a high level of physical activity have been
shown to exhibit greater type I fibre grouping, which,
in combination with their greater muscle mass, has been
interpreted as evidence for greater reinnervation capacity
in physically active seniors (Mosole et al. 2014). Thus,
collectively the human data support age-related MU
protection seen in rodent models in showing that physical
activity is beneficial in promoting survival of motor
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neurons, and in facilitating reinnervation of muscle fibres
that become denervated secondary to impaired neuro-
muscular junction stability. The potential for physical
activity to have adverse impacts when initiated in old
age has not been addressed in humans, but should be
considered based upon the aforementioned data in very
old rats (Betik et al. 2009; Thomas et al. 2010).

Conclusions

Ageing is associated with marked alterations in both
quantity and quality of MUs. These changes include
motor neuron loss, neuromuscular junction instability
and repeating cycles of denervation and reinnervation
leading to fibre type grouping and expansion of surviving
MUs. Functionally, remodelling of MUs with ageing not
only reduces strength and power but likely also causes
impaired coordination that collectively contributes to
some of the most severe outcomes of ageing for the
neuromuscular system, including falls and physical
frailty. The mechanisms contributing to these changes
in the ageing MU, including neuromuscular junction
instability, axonal degeneration and motor neuron death,
remain unclear, in part owing to the fact that multiple
mechanisms can produce very similar consequences in
the MU. Whilst physical activity (muscle activation) is
beneficial in promoting MU survival, reinnervation and
neuromuscular junction morphology, the ageing MU
has diminished plasticity in response to physical activity,
particularly in advanced age where exercise training
might over-burden the remodelled surviving MUs
and exacerbate their demise. Future studies involving
longitudinal measures in both animal models and humans
will clarify individual variation in susceptibility to age-
related changes in the MU. Furthermore, study of
animal models with superior MU ageing properties or
unique human populations with superior neuromuscular
function with ageing (e.g. competitive masters athletes
at ages associated with marked MU loss and functional
impairment in non-athletes; > 75 years of age) could
yield novel insights into mechanisms for promoting
healthy ageing of the MU and, thus, attenuate the burden
of these changes for the individual, their families and the
healthcare system.
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