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Abstract

As the final output of the somatic nervous system, the neuromuscular junction (NMJ) is essential
for all voluntary movements. The NMJ is also necessary for connected cells to function and
survive. Because of this central role, much effort has been devoted to understanding the effects of
aging, diseases, and injuries on the NMJ. These efforts have revealed a close relationship between
aberrant changes at NMJs and its three cellular components - the presynaptic site on motor axons,
the postsynaptic region on muscle fibers and perisynaptic Schwann cells. Here, we review the
morphological and molecular changes associated with aging NMJs in rodents and humans. We
also provide an overview of factors with potential roles in maintaining and repairing adult and
aged NMJs.
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1. Introduction

The NMJ is the interface between the nerve ending of a-motor neurons (the presynapse), a
specialized region on extrafusal muscle fibers (the postsynapse) and perisynaptic Schwann
cells (PSCs). These cellular components come together early in development, with muscle
fibers first forming rudimentary postsynaptic sites that are then approached and innervated
by growing motor axons. As development proceeds, PSCs join in to modulate NMJ function
and stabilize the presynaptic and postsynaptic sites. In adulthood, these cellular components
remain essential for the NMJ to function and remain viable [1]. Thus, it is not surprising that
the loss or dysfunction of motor neurons, muscle fibers and PSCs invariably causes
deleterious changes at NMJs. For example, the NMJ degenerates in amyotrophic lateral
sclerosis (ALS), as well as in the spectrum of myasthenia gravis and muscular dystrophies
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[2,3]. These are diseases that invariably compromise the function and health of motor
neurons, muscle fibers and PSCs. The NMJ also falls apart in conditions that affect tissue
homeostasis, such as diabetes, vascular exclusion and nerve injuries [4-7]. Additionally, the
morphological integrity and function of the NMJ is intimately linked to sympathetic nerves
that innervate skeletal muscles, which are also affected by a variety of diseases and injuries
[8]. This review, however, will detail the morphological and molecular changes associated
with aging NMJs in rodents and humans. It will also summarize published findings
implicating exercise, caloric restriction, and synapse-associated molecules in the
maintenance and repair of adult NMJs.

2. Overview of aging NMJs

The NMJ has been examined in aging rodents and humans since the 1970s. These studies
have deployed a variety of tools to assess the integrity of NMJs in an array of skeletal
muscles. Several general conclusions can be drawn from these studies. 1) NMJs acquire
deleterious morphological, functional, and molecular features with advancing age, and
ultimately degenerate [9-12]. 2) While NMJs acquire age-related features, the underlying
cause of such changes remains debated. In particular, it remains unknown whether NMJs are
a focal site of pathology or degenerate due to deleterious changes elsewhere in skeletal
muscles, motor neurons or other cells [13-16]. 3) The rate of aging among NMJs located in
different muscles, within the same muscle, and even in the same motor unit varies
considerably [17].

2.1. Rodent NMJs and aging

The NMJ has now been well examined in aging rodents, and particularly in mice. These
studies have revealed that aging alters the morphology of each cellular component of the
NMJ: postsynaptic muscle fibers, presynaptic axon terminals, and PSCs (Figure 1). As
NMJs age, the postsynaptic site fragments into smaller, non-contiguous regions, [18] and
junctional folds disappear [19]. The presynapse also exhibits a number of age-related
morphological features. It is often found with sprouts that go beyond the postsynapse, with
massive blebs at or adjacent to the postsynapse, and vacating and missing from the
postsynaptic site (Figure 2). Additionally, the presynapse loses its privilege as the only site
where synaptic vesicles concentrate, since synaptic vesicles are found aggregated along non-
synaptic regions of aged motor axons [20]. Furthermore, aging also reduces the density of
active zones [21], altering the ability of motor neurons to release acetylcholine appropriately.
In parallel with these changes, PSCs are also affected in old age (Figure 3). These cells fail
to completely wrap around the presynaptic and postsynaptic regions [22], and instead vacate
the NMJ or protrude branches into the synaptic cleft [23].

Aging also alters the expression and distribution of several molecules that are integral to the
stability and function of the NMJ. This includes loss of nicotinic acetylcholine receptors
(nAChRs) from the postsynaptic site, and accumulation of nAChRs in non-synaptic regions
of muscle fibers [24]. Additionally, the gamma subunit of the nAChR pentamer increases in
old age [25] even though the epsilon subunit is already highly abundant. Thus, it is possible
that mixed nAChRs pentamers composed of the gamma or the epsilon subunit accumulate at
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NMJs with advancing age. Interestingly, the gamma and epsilon nAChR subunits are co-
expressed during the first few postnatal days, which is a time when the NMJ also undergoes
dramatic structural and functional changes [1]. An increase in expression of the gamma
nAChR subunit is also associated with other pathological conditions in which NMJs are
damaged, and has been proposed as a mechanism of muscle regeneration and NMJ repair.
Several other NMJ-associated genes are also increased in skeletal muscles of aged mice,
including the muscle-specific kinase (MuSK) and low-density lipoprotein receptor-related
protein 4 (Lrp4) [13]. Interestingly, these NMJ-associated genes invariably increase in
denervated skeletal muscles of young adult mice [7], further suggesting that aging causes
denervation of NMJs. Aging also affects the expression of genes known to have important
functions at the NMJ, but are not critical for its formation or function. For example, levels of
laminin-a4 [26] and of the fibroblast growth factor binding protein 1 (FGFBP1) [27]
decrease in old skeletal muscles. The dysregulated expression of these synaptic molecules,
in addition to altered cholinergic transmission, has been shown to precipitate age- and
disease-related morphological and functional changes at NMJs [28,29].

2.2. Human NMJs and aging

In contrast to rodents and other species, there is much less known about human NMJs at any
stage of life. The limited studies carried out to date have revealed that, compared to rodents,
human NMJs are significantly smaller and exhibit a simpler topology [23,30,31]. Although
the differences in NMJ morphology are established, the effect of aging on human NMJs is
less clear. In two studies [23,30], light and electron microscopy revealed age-related features
on NMJs in postmortem intercostal muscles. Similar to those found in rodents, postsynapses
were fragmented and had fewer junctional folds. Indicative of degenerating NMJs and
muscle fibers, NAChRs were also found in non-synaptic in addition to synaptic regions in
old human muscle fibers. These studies also revealed that aging affects the presynapse and
causes PSCs to extend branches into the synaptic cleft. However, a recent study called these
findings into question. Jones RA and colleagues examined the NMJs of individuals aged 34—
92 years-old. Rather than using postmortem tissue, this study obtained four different muscles
from each patient immediately after amputating the lower limb, most due to peripheral
vascular disease and diabetes mellitus [31]. Using confocal and super-resolution microscopy;,
the morphology of NMJs was found unchanged at all ages examined, including in 92 year-
old individuals. The size of the NMJ, the degree of fragmentation, and the overlap between
the presynaptic and postsynaptic regions were all preserved even in very old individuals.
Moreover, the distribution of synaptic vesicles and the number of active zones were
unaffected in old age. Furthermore, it was found that aging does not alter the diameter of
muscle fibers and of motor axons. These findings are surprising for a couple of reasons.
Firstly, this study examined skeletal muscles following amputation below and above the
knee due to complications caused by peripheral vascular disease and diabetes mellitus,
conditions that cause widespread muscle necrosis and nerve damage. The specific muscles
analyzed were the soleus, extensor digitorum longus, peroneus longus and peroneus brevis,
all of which extend from just below the knee to the heel or front of the ankle. These muscles
are therefore expected to be affected by both diseases, whether directly or indirectly due to
ongoing swelling and necrosis throughout the lower limb. Secondly, there is extensive
literature, from studies using a variety of approaches including muscle biopsy and MRI,

Curr Opin Physiol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taetzsch and Valdez Page 4

demonstrating that muscle fibers and motor axons degenerate as humans advance into old
age [32-37]. Regardless, it is clear that additional studies of aged human NMJs are needed
to resolve these discrepancies.

3. Lifestyle and molecular factors that preserve the NMJ into old age

There is sufficient published data indicating that the structural and functional integrity of
NMJs can be preserved into old age. The two lifestyles best known to protect the motor
system, a calorically restricted diet and exercise [18], have been shown to attenuate and even
reverse age-related changes at NMJs. NMJs also maintain their youthful architecture in mice
fed resveratrol and metformin [38], two small pharmacological agents that increase
metabolic activity. These and other discoveries, together with the central role of the NMJ in
the somatic motor system have ushered, investigations aimed at uncovering molecular
mechanisms that maintain and preserve the NMJ into old age.

3.1. Lifestyle factors and downstream mechanisms that attenuate NMJ aging

A calorically restricted diet and exercise are regarded as two lifestyle factors that are
effective in combating aging in general, including attenuating and reversing age-related
changes at NMJs [18,38-42]. Mice placed under a calorically restricted diet beginning at 4
months of age showed significant attenuation of NMJ degradation at 24 months of age.
Structural defects of NMJs including postsynaptic receptor fragmentation, denervation and
axonal sprouting were reduced by more than 50% in the tibialis anterior, gastrocnemius and
gracilis muscles of aged mice placed under lifelong calorie restriction [18]. These findings
were corroborated in a follow up study that demonstrated that resveratrol, a caloric
restriction memetic, similarly attenuates aging of NMJs. In this study, mice were fed a diet
supplemented with resveratrol beginning at 12 months of age and examined at 24 months of
age. The addition of resveratrol significantly reduced the number denervated and fragmented
NMJs in 24 month-old mice [38]. Providing further evidence that resveratrol directly
influences the NMJ, C2C12 myotubes treated with resveratrol contained more postsynaptic
sites marked by nAChR clusters. Studies over the years have suggested that the anti-aging
effects of both caloric restriction and resveratrol occur partly through the sirtuinl (SIRT1),
peroxisome proliferator-activated receptor-gamma coactivator alpha (PGCla) and
mechanistic target of rapamycin (mTor) signaling pathways [43—46], among other
mechanisms [47]. SIRT1 activation particularly influences a number of molecular and
cellular functions with important implications for NMJ health in aged muscle. It enhances
mitochondrial function [48], increases the number of myonuclei in muscle fibers, augments
the proliferation of satellite cells [49], fine-tunes autophagy [50], and reduces oxidative
stress [48].

Exercise, even late in life, also has beneficial effects on NMJs (Figure 4). Exercise has been
shown to significantly reduce the number of NMJs with age-related structural features in
several hind limb muscles in 23-month-old mice. In this study, mice were given access to
running wheels starting at 22 months of age and examined 1 month later. This short exercise
regimen was sufficient to decrease the incidence of fragmented and denervated NMJs.
Because the exercise regimen began late in life, the findings suggested that exercise not only
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slowed but reversed the deleterious effects of aging on NMJs. Live imaging of the same
NMJ, between 22 and 23 months, confirmed that exercise partially reverses damages at
NMJs caused by aging [18]. A separate study also found that exercise benefits aged NMJs.
The morphology as well as the function of NMJs were improved in 25-month-old mice
following 12 weeks of endurance exercise [51].

While exercise affects a wide variety of molecular pathways, PGCla is one of the most
promising molecules for relaying the beneficial effects of exercise to skeletal muscles and
NMJs. PGCla promotes mitochondrial function, which becomes severely compromised
with increasing age. Through its interaction with transcription factors such as NRF-1 and 2,
and mitochondrial transcription factor A (TFAM) and B2 (TFB2M) [52], PGCla mitigates
the deleterious effects of dysfunctional mitochondria. It reduces the release of apoptotic
mediators, intracellular reactive oxygen species (ROS), and promotes ATP generation and
calcium buffering [52,53]. Recently, Garcia S. and colleagues [54] showed that these
positive actions of PGCla can be extended to old muscle and their NMJs. In 22-month-old
transgenic mice overexpressing PGCla, skeletal muscles have more mitochondria with
fewer DNA deletions compared to age-matched control mice. Overexpression of PGCla
also increased expression of genes that are important for NMJ function, including those
involved in metabolic processes, autophagy and satellite cell proliferation. These findings
thus extend on previous studies showing that PGCla remodels the NMJ [55,56], and also
converts muscle fibers from a fast to slow subtype [55]. Additionally, exercise boosts
production of a number of local and systemic growth factors that have positive benefits on
aging muscles and NMJs, including insulin like growth factor-1 (IGF1), brain derived
neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) [57,58].

3.2. Role of synaptic molecules at aging NMJs

The viability of the NMJ requires active communication through molecular mechanisms
between all three cellular components: the presynapse, the postsynapse and PSCs.
Exemplifying this point, the loss of the presynaptic or postsynaptic site in adulthood
resulting from diseases and injuries causes the NMJ to degenerate [59]. The NMJ fragments
and malfunctions within a few days after Schwann cells, including PSCs, are ablated [60].
Conversely, these three cellular components collaborate through synapse-associated
molecules to regenerate adult NMJs following injuries that cause severing of motor axons,
loss of PSCs and atrophy of muscle fibers [27]. These examples highlight the
interdependence between all three cellular components of the NMJ, and roles of synapse-
associated molecules in the maintenance and repair of adult NMJs. In this regard, studies
over the last few years have shown that synaptic molecules agrin, Lrp4, the muscle-specific
kinase (MuSK) receptor, and Dok7 remain essential at adult NMJs [61-64]. For example,
deletion of agrin in a subset of adult motor neurons causes the disintegration of the
postsynapse and degeneration of motor axons [63]. Likewise, adult NMJs degenerate in the
absence of LRP4, MuSK, or Dok7 [61,62,64]. Thus, molecules required for the formation of
the NMJ continue to play integral functions in adulthood. There is also evidence suggesting
that targeting these molecules could mitigate age-related changes at NMJs. In old age, the C-
terminal agrin fragment is elevated in the serum of individuals with sarcopenia [65,66],
suggesting the possibility that degradation of z-agrin during aging contributes to NMJ
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pathology. Supporting this possibility, the Sonderegger group has shown that agrin is cleaved
by neurotrypsin, an enzyme that motor neurons secrete at the NMJ, and overexpressing
neurotrypsin causes severe fragmentation of the NMJ and induces sarcopenia in young
rodents [57]. Evidence indicating that agrin and other integral components of the NMJ act to
repair age-related damages comes from studies assessing their therapeutic potential
following injury and in disease. Following sciatic nerve crush surgery in young animals,
introduction of biologically active agrin fragments into skeletal muscles accelerates the rate
of NMJ reformation [68]. Dok-7 has also been shown to repair damaged NMJs. In
congenital myasthenic syndromes and NMJ disease, Dok-7 overexpression preserves the
structural and functional integrity of the NMJ. Similarly, increasing Dok-7 levels slows
degeneration of NMJs and extends lifespan in the SOD193A mouse model for ALS [69], an
age-associated neurodegenerative disease.

There is increasing evidence that other NMJ-associated molecules, not required for its
formation, also have roles in maintaining and repairing adult NMJs. In the absence of a-
syntrophin and a-dystrobrevin, two members of the dystrophin complex, or collagen XIII,
NMJs are severely fragmented [70-72]. Interestingly, Zainul Z and colleagues recently
showed that the transmembrane domain of collagen XI1I promotes regeneration of NMJs
following injury to motor axons [71]. NMJs have also been found to progressively
degenerate, characterized by increased fragmentation and denervation, in mice lacking
laminin-a4 [26]. These findings suggest that augmenting levels and activity of collagen XIII
and laminin-a4 may slow and reverse damages at NMJs that occur with advancing age. Our
group recently discovered that the fibroblast growth factor binding protein 1 (FGFBP1), a
molecule that enhances the function of FGFs [73], may help protect the NMJ from age-
related degeneration. FGFBPL1 is enriched in the synaptic region of young adult skeletal
muscles but significantly decreases in aged skeletal muscles. Indicating important functions
at adult NMJs, deletion of FGFBP1 results in the premature appearance of age-related
morphological features at NMJs. Mice lacking FGFBPL1 also exhibit motor deficits earlier in
life. Further indicating important functions at NMJs, deletion of FGFBP1 in a mouse model
for ALS accelerates degeneration of NMJs [27]. These published findings demonstrate that
genes with important roles at NMJs may also hold therapeutic potential for slowing,
preventing and reversing age-related changes at NMJs.

4. Concluding Remarks

Research over the last few decades has provided significant insights regarding the impact of
aging on NMJs in rodents and humans. They have shown that NMJs undergo a myriad of
deleterious morphological alterations in old age, similar to those caused by diseases that
affect motor neurons and skeletal muscles. There is also increasing evidence that aging alters
levels and function of NMJ-associated molecules. While it remains unknown whether
alterations at NMJs cause or are a consequence of sarcopenia, the function and health of
skeletal muscles is intimately linked to the NMJ. This relationship highlights the importance
of identifying molecular mechanisms that function to prevent and repair age-related
damages at NMJs. This information could lead to treatments for sarcopenia and other
conditions that impair motor function.
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(a) Development (b) Adult (c) old
Figure 1.

NMJ morphology in development and aging. (a) The developing NMJ is characterized by a
plaque of nAChRs (red) on the postsynapse that is often innervated by multiple motor axons
(blue and green) that compete for establishment at the postsynaptic site in an activity-
dependent manner. (b) As the NMJ matures into adulthood, the postsynapse forms complex
junctional folds giving the NMJ its pretzel-like appearance. The postsynapse is innervated
by a single motor axon which forms branches along postsynaptic folds to create a uniform
apposition to the postsynapse. (c) With increasing age, the continuous junctional folds of the
postsynapse become fragmented into a series of islands. The area over which the motor axon
terminal covers the postsynapse is reduced resulting in a loss of uniform apposition between
pre-and postsynapse.
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Pre-synaptic morphological alterations of the aged NMJ. (a) The diameter of the axon is
reduced as it approaches the NMJ. (b) The motor axon terminal forms extensions that do not
correspond with the postsynapse. (c) A single postsynaptic site is innervated by two or more
motor axons. (d) Blebs form along the motor axon near the NMJ as well as on the motor
axon terminal. (e) The area of coverage by the synaptic terminal is reduced, resulting in
incomplete coverage of the postsynapse. (f) The connection between the presynaptic
terminal and the postsynapse is lost as the motor axon pulls away from the muscle fiber
forming a retraction bulb.
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Figure 3.

Cellular and molecular changes in the aged NMJ. (a) The young NMJ is characterized by
deep junctional folds along the postsynapse containing high concentrations of nAChRs at the
peaks. Active zones are organized on the motor axon terminal to lie in direct apposition to
the junctional folds of the postsynapse. Vesicles containing acetylcholine aggregate at active
zones where they are available to release acetylcholine in close proximity to nAChRs.
Mitochondria are abundant throughout the pre- and postsynapse to support the high energy
demands of cholinergic transmission. (b) With aging, the junctional folds of the postsynapse
become shallow, while nAChRs are less concentrated along the peaks of the folds. In
addition to postsynapses, nNAChRs are found in extra-synaptic areas of the muscle fiber
membrane. Mitochondria are damaged and fewer in the postsynaptic region of the muscle
fiber. Active zones are lost in the motor axon terminal. Aggregation of vesicles containing
acetylcholine near the terminal membrane is lost and vesicles are present away from the
terminal along the axon. Dysfunctional megamitochondria are present in the motor axon
terminal. Ensheathment of the NMJ by perisynaptic Schwann cells is lost as they migrate
away from the motor axon terminal.
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Figure 4.
Cellular and molecular changes associated with exercise in the aged NMJ. Exercise

improves the health of the aging NMJ by boosting mitochondrial function, increasing ATP
levels and decreasing ROS. Postsynaptically, exercise elevates MuSK and increases PGCla
signaling which is associated with improved autophagy and more efficient recycling of
nAChRs on the postsynaptic membrane. Exercise elevates the number of active zones on the
presynapse and increases levels of beneficial growth factors including BDNF, GDNF and
IGF-1.
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