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1. ABSTRACT

Alterations of autophagy have been linked
to several peripheral nervous system diseases, such
as amyotrophic lateral sclerosis and Charcot-Marie-
Tooth disease. Modulation of autophagy by metabolic
or pharmacological interventions has been increasingly
recognized as a strategy to fight many of these disorders.
Cellular processes that are aberrant in case of impaired
autophagy and that might lead to these diseases belong
to three different categories: (1) clearing of protein
aggregates, (2) regulation of vesicle and cargo turnover,
and (3) disposal of damaged mitochondria. This review
summarizes the present literature that addresses both,
the impact and mechanisms of autophagy on the health
of the peripheral nervous system and treatment proposals
for human disorders associated with impaired autophagy.

2. INTRODUCTION

A chemical synapse (in the following called
synapse) is the point of contact between a presynaptic
neuron and a postsynaptic cell, which itself can be a
neuron, or othertargets like muscle orgland cells. Structure
and function of such synapses have been recently
reviewed (1-3). Pre- and postsynapse are separated by
a synaptic cleft that is usually a few dozen nanometers
in width and exhibits tightly regulated spacing (4). This
is a prerequisite for the principal function of synapses,
which is the fast, graded, and reliable signal transmission
from the pre- to the postsynaptic compartment. In
vertebrates, synapses are present in the central and the
peripheral nervous systems and they mediate a plethora

of physiological functions. These range from learning and
memory over voluntary muscle contraction to the control
of heartbeat, glands, and digestion. Although plastic
in nature to adapt to an ever changing environment,
synapses are often maintained for extended time periods,
as can be seen in the cases of long-term plasticity or of
the nerve-muscle synapse, the neuromuscular junction
(NMJ) (1), which may be nourished for the entire lifespan
of an organism. This combination of physiological
importance, high-speed signal transmission, and plastic
and yet reliable maintenance renders synapses uniquely
well controlled and at the same time delicate sites.
Furthermore, synapses are mostly located on axons
and dendrites, and therefore far away from the cell body
with its transcription-translation machinery. Thus, due
to the slow pace of axoplasmic transport (5,6), arrival
at the synapse of newly made cytoskeletal filaments,
secretory proteins, membrane receptors, and organelles
typically takes hours to days. This is clearly beyond
the physiological needs of an active synapse making
tight control of local protein turnover and subcellular
localization essential for proper synaptic function.
While synaptic protein localization involves activity-
dependent receptor recycling (7-11), protein turnover is
determined by long-distance delivery of proteins from the
perikaryon (12,13) as well as local RNA translation (14)
and protein degradation (15). The latter uses three major
proteolytic pathways, which are the ubiquitin proteasome
system, lysosomal degradation, and autophagy. As
reviewed recently (16-18), accumulating evidence shows
that autophagy is critical for the maintenance of synapses
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in the central nervous system and that both impairment
as well as excessive autophagy can be detrimental for
synapses. This article focuses on the role of autophagy in
the peripheral nervous system with particular emphasis
on neuromuscular transmission and related diseases.

3. AUTOPHAGY

Autophagy is a major proteolytic pathway
responsible for degrading various targets such as proteins,
organelles or lipids. Depending on the size, origin and other
characteristics of the target, one can discriminate between
several modes of autophagy which use different pathways
to the lysosome for degradation (19,20): chaperone-
mediated autophagy (21,22), microautophagy (23), and
macroautophagy (24,25). Our review will primarily discuss
macroautophagy in peripheral synapses and in the
following text it will be referred to as “autophagy”. Autophagy
involves the nucleation of a double-membrane autophagic
carrier called phagophore or isolation membrane which
wraps around its target, elongates and closes to form the
autophagosome (26). The origin of this membrane is still
under debate but appears to include the ER or the Golgi
complex. The autophagosome fuses with target structures
(endosomes, defunct organelles, cytoplasmic aggregates)
to form an amphisome (26,27). This amphisome merges with
the lysosomal compartment to ensure protein degradation
and the release of amino acids. Autophagosome formation
and maturation is dependent on autophagy genes (Atg) and
their assembly into large protein complexes. For a detailed
review of molecular machinery the reader is referred to
Russel et al. 2014 (28).

Although there is always a basal level of
autophagy, its induction is tightly coupled to energy
demand, lack of nutrients and removal of damaged
organelles post pathophysiological stimuli. The regulation
of autophagic pathways upon energy demand is brought
about by mTORC1, known as principal regulator of
cellular energy homeostasis, acts as a major switch in
autophagy. mTOR which is the mammalian orthologue of
the protein kinase TOR in yeast, controls many general
cellular processes like mRNA translation or cell growth
but fulfills special tasks as well. In the post-synaptic
cellular partner of NMJ i.e. skeletal muscles, mTOR
regulates hypertrophy as well as myotube fusion (29,30).
It is assembled into two different complexes in mammals,
the mTORC1 complex consisting of the catalytic subunit
of mMTOR, PRAS40 (proline-rich Akt substrate of 40kDa),
GBL (G protein B-subunit-like protein) and raptor
(regulatory associated protein of mTOR), and mTORC2
where raptor is replaced by rictor (mAVO3) (31,32).
The cellular stress and energy/nutrient status regulates
mTORC1 by either inhibiting the complex or activating
it. Lack of growth factors or nutrients for example
inhibits MTORCH1, leading to autophagy induction while
extracellular signals such as growth factors activate
mTORCH1, thereby suppressing autophagy (19,20).
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Upon activation of mMTORC1 under nutrient-rich
conditions, its direct interaction with the ULK1 complex
inhibits Atg13 and ULK1 kinase activity. Conversely,
dissociation of mTORC1 from the complex, which can
be mediated by e.g. rapamycin or nutrient deprivation,
leads to the formation of autophagosomes (20).
Besides controlling autophagy via the formation of
autophagosomes, the mTor pathway also affects
the expression of autophagy related genes such as
LC3 in skeletal muscle. Indeed, the mTor-dependent
change of Akt activity status leads to the inactivation/
activation of Foxo3, a transcription factor responsible
for the expression of a set of autophagy-driving
genes, including LC3, Gabarapl1, Atg12, atrogin-1 and
MuRF1 (33-35). Atrogin-1 and MuRF1 are E3 ubiquitin
ligases belonging to the group of atrogenes, a class
of proteins involved in atrophy of skeletal muscle
tissue (36,37). Atrogin-1 as well as MuRF-1, are known
to be involved in the ubiquitination of proteins targeted
to the ubiquitin-proteasome system but recent findings
suggest MuRF1 to be involved in selective autophagy
as well (38,39). In selective autophagy, target proteins
or organelles are ubiquitinated by E3 ligases and
targeted to newly formed phagophores. This process
relies on specific receptors, so called autophagy
receptors and special adapter proteins such as ALFY
(autophagy-linked FYVE protein) (40), Nbr1 (41)
and p62 (Sequestome 1/SQSTM1). The autophagy
receptors contain a LC3-interacting region (LIR) and an
ubiquitin-associated (UBA) domain, important for the
shuttling of ubiquitinated cargo to the autophagosome.
The autophagy receptor binds the target protein via its
UBA domain and connects it to the autophagosome
by interacting with LC3 (42). Once the cargo is bound
to the phagophore, the autophagosome matures by
fusing with the lysosome for degradation. This process
was not only found for intracellular proteins but also for
transmembrane receptors, mitochondria (mitophagy),
endoplasmic reticulum (ERphagy) or bacteria and
viruses (xenophagy) (39,40,42,43). As mentioned
earlier, autophagy is active under basal conditions as
well and facilitates cytoplasmic waste clearance to avoid
pathophysiological conditions. Consequently, failure
of such clearance leads to cellular impairment. As will
be discussed below, autophagic clearance of protein
aggregates appears to be a key factor in the context of
various peripheral synaptic diseases.

3.1. Autophagy-related diseases linked to
protein aggregates

Among various peripheral synapses, autophagy
affects neuromuscular function by impairing the integrity
of motor neurons, Schwann cells, and muscle fibers.
Similar to the importance of autophagy in central nervous
system synapses, ample evidence from clinical research
as well as animal models for peripheral neuropathies
suggests that autophagic dysfunction leads to an
imbalance between proteostasis and accumulation of
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Figure 1. Involvement of autophagy in the peripheral neuromuscular complex. To date, it is known that alterations of autophagic processes are linked
to a series of peripheral nervous system diseases. Upon impaired autophagy the major identified pathologies are (1) vacuolization, hypomyelination,
and degeneration of peripheral neural axons, (2) inefficient clearing of protein aggregates and block of aggrephagy in Schwann cells leading to
hypomyelination, axon loss and reduced regenerative capacity of axons, (3) altered turnover of synaptic vesicles, (4) destabilization of the postsynaptic
complex of NMJs and altered turnover of AChR, precocious denervation, (5) dysfunctional mitophagy leading to accumulation of damaged mitochondria
in skeletal muscle. Proteins so far identified to be relevant in the context of autophagy and disease in the peripheral neuromuscular complex as mentioned
in the text are indicated close to the corresponding described location. Numbers in brackets indicate citation numbers. location MF, muscle fiber; MN,

motoneuron; SC, Schwann cell.

toxic proteins in neurons (Figure 1). For example, deletion
of the autolysosomal regulator, Ectopic P granules protein
5 homolog (Epg5) (44) led to hind limb paralysis with
altered motor unit action potentials. Epg5 primarily helps
in clearing protein aggregates, as loss of this molecule
led to accumulation of p62 aggregates (45). Furthermore,
optic nerve cut caused increased damage of retinal
ganglion cells in the absence of autophagy (Atg4B'/')
and treatment with the autophagy stimulator rapamycin
reduced the denervation-induced cell death (17). Motor
neuron injury augments autophagic activity, likely for
mediating cell death of highly damaged motor neurons
and removing proteins from damaged areas, so that
recycled amino acids might be used for survival and
nerve regeneration (46,47). In many pathophysiological
conditions alteration in the levels of autophagy precede
symptom onset. For example, decrease in autophagy
levels have been shown to be early symptoms of
retrograde motor neuron degeneration after spinal root
avulsion (48).
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Apart from Epg5’s role in clearing protein
aggregates and peripheral neuropathy, a series of
studies has addressed the role of Fig4 in peripheral
neuron diseases. Fig4 (syn. phosphatidylinositol
3,5-bisphosphate 5-phosphatase or Sac3) is part of the
ternary PIKfyve-ArPIKfyve-Sac3 complex and converts
phosphatidyl inositol-(3,5)-bisphosphate to phosphatidyl
inositol-(3)-phosphate. Thereby it regulates several
aspects of the endomembrane system, in particular, the
protein flux from endosome to lysosome. Loss of Fig4
function is involved in many neurological diseases,
including familial epilepsy, Yunis-Varon syndrome,
amyotrophic lateral sclerosis (ALS), and Charcot-Marie-
Tooth disease (CMT). Recent work using transgenic
mouse models identified differential effects of loss
of Fig4 on motor neurons and myelinating Schwann
cells (49). Indeed, conditional inactivation of Fig4 in
motor neurons led to vacuolization and degeneration
of motor axons, showing a cell autonomous role of the
protein in these nerve cells. Interestingly, the axons were
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also hypomyelinated, suggesting an aberrant axo-glial
communication (49). Conditional loss of Fig4 in Schwann
cells induced altered endolysosomal trafficking, block in
autophagic progression, and accumulation of organelles
and vesicles in these cells. This was accompanied by thin
or absent myelin sheaths, progressive axonal loss, and
reduced regenerative capacities of the peripheral nerve
upon lesion (49). The findings on Schwann cells and the
role of Fig4 on autophagy link to further studies on CMT
models.

CMT, also called hereditary motor and sensory
neuropathy (HMSN) or peroneal muscular atrophy,
comprises a group of late onset peripheral neuropathies
that result in muscle weakness and pain. Major forms
of CMT are due to mutations or overexpression of the
peripheral myelin protein 22 (PMP22) in myelinating
Schwann cells. PMP22 is formed and folded in the ER.
Misfolded PMP22 proteins can either undergo further
cycles of refolding or, if unsuccessful, be exported from
the ER into the cytosol and degraded in the proteasome
via the ER-associated degradation (ERAD) process.
However, in the disease state, unfolded PMP22 might
be present at excessive levels that overwhelm the
proteasomal machinery thus leading to its accumulation.
Indeed, different lines of evidence suggest that PMP22
production and degradation need to be in fine balance.
For example, wildtype PMP22 accumulates upon
inhibition of the proteasome (50) and upon PMP22
overexpression (51). Furthermore, the mutant PMP22
Leu16Pro protein that is expressed in the Trembler
CMT mouse model, is degraded slower than wildtype
protein, and accumulates in large perinuclear protein
clusters, called aggresomes (52). Notably, aggresomes
appear to be also involved in a couple of neurological
diseases, including Alzheimer’s, Huntington’s and
Parkinson’s Disease, ALS, and Age-related Macular
Degeneration. Upon ubiquitination, aggresomes are
recognized by histone deacetylase 6 (HDACG6), which
further enhances protein accumulation (53). Coupling
of aggresomes to dynein motor protein and acetylation
of microtubules would allow the retrograde transport of
the aggresomes towards the perinuclear region where
eventually autophagosome formation and fusion with
the lysosome occur (54). In this context, the HDACG6-
interaction chaperone, p97/VCP (valosin-containing
protein), regulates the disassembly of the HDAC6
complex and supports the autophagic degradation of
the aggresome (53,55). Notably, p97/VCP is linked to a
couple of aggresome-related diseases, including familial
ALS (56), hereditary spastic paraplegia (57), inclusion
body myopathy associated with Paget’'s disease and
frontotemporal dementia (58), and CMT (59). Since
aggresomes appear to be potentially toxic (60) and
their removal involves autophagic degradation, a couple
of studies have analyzed, if stimulation of autophagy
could be beneficial in the context of aggresome-
related diseases. Indeed, dietary restriction (61,62) and
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rapamycin (63) alleviated CMT phenotypes in mice.
The interplay between unfolded protein stress and
proteasomal versus autophagic decay is also critical
in bortezomib-induced peripheral neuropathy. The
proteasome inhibitor bortezomib has been an effective
treatment option in multiple myeloma patients (64).
However, peripheral neuropathy is a severe side effect
of this treatment. Although different reasons underlying
bortezomib-induced peripheral neuropathy have been
discussed, the induction of ER stress and autophagy (65)
as well as the formation of aggresomes (66) were reported
upon bortezomib incubation in isolated Schwann cells.

In the context of aggresome clearance,
ubiquitination of aggresome-contained target proteins is
of great importance for stimulating selective autophagy
via p62/SQSTM1. This function seems to be executed by
different ubiquitin ligases. TRIM50 was found to interact
with HDACG6 and p62/SQSTM1 (67) and to be modulated
by HDACG6 (68). Another set of studies suggests that a
complex of the heat-shock 22 kDa protein 8 (HspB8),
the co-chaperone Bag3, the chaperone Hsc70, and the
E3 ubiquitin ligase CHIP is critical (69) for aggresome
degradation in a process termed chaperone mediated
selective autophagy. In particular, HspB8 has been linked
to peripheral neuropathies, including distal hereditary
motor neuropathy type Il (70), spinal bulbar muscular
atrophy (SBMA) (71), and ALS (71-73). The involvement
of HspB8 in peripheral neurodegeneration is supported
by different observations. First, HspB8 is upregulated in
mouse models and human spinal cord samples from ALS
patients, and particularly in the ventral horn. Trehalose,
an autophagic stimulator enhances HspB8 expression.
Particularly, in SBMA the toxic aggregates of misfolded
androgen receptors have been shown to be processed
via HspB8 directing these aggregates to autophagic
degradation by preventing the formation of p62
bodies (71). Pharmacological impairment of autophagy
blocks HspB8 functionality (72,73). Additionally,
investigation of the HspBSK141 E mutation, which is present
in distal hereditary motor neuropathy type Il patients,
showed reduced targeting of autophagosomes to the
lysosome (70). Finally, another link between peripheral
disease, protein aggregates and autophagy has been
recently described. Indeed, mutation in dystonin, which
is involved in maintaining cytoskeleton and membrane
transport, causes a lethal form of hereditary sensory
and autonomic neuropathy in humans (HSAN-VI).
Loss of dystonin function leads to aggregates of p62
and reduces autophagic flux in sensory neurons which
ultimately leads to sensory neuropathy (74). In summary,
the present literature suggests that aggrephagy is a
principal process involved in peripheral axonal disorders
(Figure 1). Conversely, the current understanding on
the roles of autophagy in skeletal muscle as a major
target tissue of peripheral neurons point more towards
regulation of turnover of ion channels and mitochondria.
In the following we will introduce the present knowledge
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on autophagy functions first at the NMJ and then at the
sarcomeric region of skeletal muscle.

3.2. Autophagy for synaptic integrity and
receptor turnover

Due to its large size, easy accessibility and
eminent physiological role in triggering voluntary muscle
contraction, the NMJ has been one of the most widely
studied synapses across the animal kingdom. While
initially many studies have looked at NMJs from a
developmental perspective, the important role of these
synapses in age-related muscle wasting (sarcopenia)
has spurred interest on understanding the molecular
pathways for maintaining NMJs as well (75,76). Here,
we will focus on the role of the autophagic molecular
machinery in maintaining NMJs in the post developmental
phase. For the role of autophagy in synaptogenesis
readers may refer to a recent review of Shen et al.,
2015. In vertebrates, the NMJ apparatus involves at
least four cell types (1). While the NMJ core machinery
consists of a one-to-one coupling of cholinergic alpha
motor neuron and skeletal muscle fiber, myelinating and
terminal Schwann cells are crucial for insulating the axon
and the synaptic terminal. In addition, kranocytes (NMJ
capping cells) (77) and sympathetic neurons (78,79)
have been recently found in the immediate vicinity of
NMJs, but their functions need further exploration. The
postsynaptic region of the vertebrate neuromuscular
complex is highly convoluted into junctional folds. While
crests of these folds harbor acetylcholine receptors
(AChRs), the troughs contain voltage gated sodium and
potassium channels (80). From a physiological point of
view, junctional folds are key to regulate the safety factor
of neuromuscular transmission, which is presented as
the ratio between the actual endplate potential and the
threshold for generating a muscle action potential (81).
The amount of acetylcholine released presynaptically
and the density of AChRs present at the junctional folds
are important determinants of the safety factor and linked
to autophagy (Figure 1).

Autophagosomal degradation of synaptic
vesicles has been described in Drosophila larval motor
neurons. It was shown that this function is mediated
via Rab26 being a direct effector of the autophagy
related protein Atg16L1 (82). As recently reviewed (16),
autophagy is also implicated in turnover of postsynaptic
receptor proteins, such as GABA, receptors (83),
NMDA receptors (84), and AChR (39) in mammals. In
all three cases autophagic processing of receptors was
strongly linked to models of disuse or lack of nutrients.
In skeletal muscle, lysosomal inhibitors reduce AChR
degradation rate (85,86). It was reported that AChRs
undergo autophagic degradation that is regulated by
the E3 ubiquitin ligase MuRF1 (39). Accordingly, AChR
degradation was reduced in MuRF1-KO mice upon
denervation (38) and starvation (39). The importance
of autophagy for the maintenance of NMJ was also
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demonstrated in conditional knockout mice lacking the
autophagy mediator ATG7 in skeletal muscle. Indeed,
NMJs of these mice exhibited strongly altered morphology,
AChR turnover and lacked co-alignment of the principal
AChR clustering factor MuSK with AChR (87). NMJs in
these muscles showed precocious denervation (87). Of
course, it cannot be excluded that these phenotypes
were due to indirect effects such as general alterations
of endomembrane trafficking or mitochondrial stability.
Indeed, mitochondrial function was also impaired in
these mice (87).

As recently reviewed (75,76), NMJ dysfunction
is increasingly recognized as a key factor of age-related
progressive muscle loss and weakness (sarcopenia).
The observation, that NMJ morphology and innervation
status can be amended by physical exercise and
caloric restriction (88-92), the latter being a classical
way to induce autophagy, further augmented interest
in this matter and spurred the search for NMJ-specific
biomarkers of sarcopenia (93,94). Notably, a carboxy-
terminal fragment (CAF) of the motor neuronal AChR
clustering factor agrin has been identified a candidate as
a marker of sarcopenia and NMJ remodeling in several
studies (95-101).

In the light of selective autophagy, it is
tempting to speculate on a revised role of various E3
ubiquitin ligases in directing proteins to autophagosomal
pathways. In C. elegans, E3 ubiquitin ligases such as
Mib1 ubiquitinate and promote degradation of SMN
(survival of motor neuron protein) (102). 90% of spinal
muscular atrophy results from the deletion of SMN gene.
Similarly, LISTERIN (103) and RPM1 (104), have also
been shown to be important for motorneuron survival in
mouse and C. elegans models, however the role of these
E3 ubiquitin ligases in selective autophagic degradation
should also be considered for future investigation.

3.3. Autophagy and mitochondrial dysfunction
in human pathologies

Autophagy appears to be critical under
conditions of ER stress, overwhelmed proteasomal
function and the removal of toxic protein aggregates.
A key function of autophagy related to the peripheral
neuromuscular apparatus is the maintenance of
mitochondrial homeostasis (Figure 1). Mitochondrial
quality control, which describes how to maintain
functional mitochondria, is crucial for proper cellular and
mitochondrial homeostasis. Autophagic clearance of
damaged mitochondria, termed mitophagy, refers to an
important part of mitochondrial quality control (105,106).
Healthy mitochondria are required for energy supply of
cells, while aged or damaged mitochondria release toxic
reactive oxygen species and induce apoptosis (107).
Accordingly, in health mitochondrial biogenesis and
degradation are precisely balanced, and mutational
disruption causes mostly neurodegenerative and heart
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diseases, like inheritable Parkinson’s disease (108,109).
In the context of neuromuscular human pathologies,
comprising motor neurons as well as skeletal muscle,
mitochondrial dysfunction has been linked to disease,
for example in the context of ALS (110), Friedreich
Ataxia (111), and CMT (59), as well as in human
muscular dystrophies, like Ullrich congenital muscular
dystrophy (UCMD), Bethlem myopathy and congenital
myosclerosis (112). Genetic studies linked inherited
Parkinson’s disease to mutations of mitophagy genes,
Parkin (E3 ubiquitin ligase) and serine/threonine protein
kinase PINK1 (phosphatase and tensin homolog (PTEN)-
induced putative kinase protein 1) (113). In healthy
mitochondria, the amino-terminus of PINK1 is entering
the translocase of the inner mitochondrial membrane
(TIM) in a membrane potential-dependent manner and
is processed by the inner membrane rhomboid protease
PARL, which cleaves within the transmembrane segment
and generates an instable amino-terminal fragment of
PINK1. The leftover carboxy-terminal part of cleaved
PINK1 is translocated back into the cytosol and degraded
by the ubiquitin-proteasome system (different views
have been reported whether PINK1 is first processed
by MPP or not) (114-116). Absence of the mitochondrial
inner membrane potential stabilizes PINK1 on damaged
mitochondria, labeling them for binding of Parkin, Parkin-
mediated ubiquitination, and mitophagic elimination (117).
The receptor for Parkin is Mitofusin 2. Mitofusins
(Mfn 1 and 2) are mitochondrial outer-membrane fusion
proteins and Parkin ubiquitination substrates (118).
Mfn1 and Mfn2 in mouse hearts induces mitochondrial
dysfunction and fragmentation that should stimulate
mitophagic removal but instead results in proliferation
of abnormal organelles (119). Mfn2 is phosphorylated
by PINK1 and likely functions as receptor for Parkin.
Parkin-mediated ubiquitination of mitochondrial proteins
(including mitofusins) leads to degradation of damaged
mitochondria by mitophagy (120,121). In skeletal muscle,
both the absence as well as hyperactive autophagy
appears to be detrimental. Indeed, upon autophagy-
induction by starvation or activation of the FOXO3 axis,
skeletal muscle mitochondria are heavily fragmented and
exhibit unstable membrane potential (122). Moreover,
vigorous activation of autophagy by genetic, dietary and
pharmacological approaches restored myofiber survival
and ameliorated the dystrophic phenotype of collagen
6 alpha 1 deficient mice (123). However, the same is
true in mice lacking autophagy in a muscle-specific
manner (87,124), suggesting that a fine balance and
muscle status-dependent activation of autophagy is
critical for the maintenance of a functional mitochondrial
network in skeletal muscle.

4. CONCLUDING REMARKS

Impaired autophagy is a hallmark of several
diseases of the central and peripheral nervous system.
The peripheral neuromuscular transmission apparatus,
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that involves motor neurons, Schwann cells, and muscle
fibers, is susceptible to dysfunctional autophagy in
different manners. In these cell types, clearing of protein
aggregates, mitochondria, and transmembrane receptors
are the major targets of autophagy. Given that some
transmembrane receptors are degraded via autophagy
the role of this degradative pathway in the regulation
of downstream signaling is worth studying. Finally, a
growing body of literature indicates that the stimulation of
autophagy by pharmacological or metabolic approaches
might be a valid way to counteract certain forms of
neuromuscular transmission defects.

5. ACKNOWLEDGEMENTS

RR was supported by grants from Deutsche
Forschungsgemeinschaft (RU923/8-1) and from the
Hector Foundation. FW was supported by a fellowship
from the Anneliese and Alfred Konanz Foundation.
SH receives support by a grant from the Deutsche
Forschungsgemeinschaft (HA 3309/1-3) and the
Interdisciplinary Center for Clinical Research Erlangen
(E17).

6. REFERENCES

1. LA Tintignac, H-R Brenner, MA Ruegg:
Mechanisms  Regulating  Neuromuscular
Junction Development and Function and
Causes of Muscle Wasting. Physiol Rev 95,
809-52 (2015)

DOI: 10.1152/physrev.00033.2014

2. AE Pereda: Electrical synapses and their
functionalinteractions with chemical synapses.
Nat Rev Neurosci 15, 250-63 (2014)
DOI: 10.1038/nrn3708

3. EHinoi, TTakarada, T Ueshima, Y Tsuchihashi,
Y Yoneda: Glutamate signaling in peripheral
tissues. Eur J Biochem 271, 1-13 (2004)
DOI: 10.1046/j.1432-1033.2003.03907 .x

4. B High, AA Cole, X Chen, TS Reese: Electron
microscopic tomography reveals discrete
transcleft elements at excitatory and inhibitory
synapses. Front Synaptic Neurosci 7,9 (2015)
DOI: 10.3389/fnsyn.2015.00009

5. S Roy: Seeing the unseen: the hidden world
of slow axonal transport. Neuroscientist 20,
71-81 (2014)

DOI: 10.1177/1073858413498306

6. AB Dahlstrom, JY Li: Fast and slow
axonal transport-different methodological
approaches give complementary information:
contributions of the stop-flow/crush approach.

© 1996-2016


http://dx.doi.org/10.1152/physrev.00033.2014
http://dx.doi.org/10.1038/nrn3708
http://dx.doi.org/10.1046/j.1432-1033.2003.03907.x
http://dx.doi.org/10.3389/fnsyn.2015.00009
http://dx.doi.org/10.1177/1073858413498306

Autophagy in peripheral nervous system

10.

1.

12.

13.

14.

Neurochem Res 19, 1413-9 (1994)
DOI: 10.1007/BF00972470

M Park, EC Penick, JG Edwards, JA Kauer,
MD Ehlers: Recycling endosomes supply
AMPA receptors for LTP. Science 305,
1972-5 (2004)

DOI: 10.1126/science.1102026

Z Wang, JG Edwards, N Riley, DW Provance
Jr., R Karcher, XD Li, IG Davison, M Ikebe,
JA Mercer, JA Kauer, et al.. Myosin Vb
mobilizes recycling endosomes and AMPA
receptors for postsynaptic plasticity. Cell 135,
535-48 (2008)

DOI: 10.1016/j.cell.2008.09.057

SS Correia, S Bassani, TC Brown, MF Lise,
DS Backos, A El-Husseini, M Passafaro, JA
Esteban: Motor protein-dependent transport of
AMPA receptors into spines during long-term
potentiation. Nat Neurosci 11, 457-66 (2008)

DOI: 10.1038/nn2063

IV Roder, Y Petersen, K-R Choi, V Witzemann,
JA Hammer, R Rudolf: Role of Myosin Va in
the plasticity of the vertebrate neuromuscular
junction in vivo. PLoS One 3, e3871 (2008)
DOI: 10.1371/journal.pone.0003871

E Bruneau, D Sutter, Rl Hume, M Akaaboune:
Identification of nicotinic acetylcholine receptor
recycling and its role in maintaining receptor
density at the neuromuscular junction in vivo.
J Neurosci 25, 9949-59 (2005)

DOI: 10.1523/JNEUROSCI.3169-05.2005

GM Langford, SA Kuznetsov, D Johnson, DL
Cohen, DG Weiss: Movement of axoplasmic
organelles on actin filaments assembled on
acrosomal processes: evidence for a barbed-
end-directed organelle motor. J Cell Sci 107,
2291-8 (1994)

VN Martinov, | Sefland, S| Walaas, T Lomo, A
Nja, F Hoover: Targeting functional subtypes
of spinal motoneurons and skeletal muscle
fibers in vivo by intramuscular injection
of adenoviral and adeno-associated viral
vectors. Anat Embryol 205, 215-21 (2002)
DOI: 10.1007/s00429-002-0233-1

L Liu-Yesucevitz, GJ Bassell, AD Gitler,
AC Hart, E Klann, JD Richter, ST Warren,
B Wolozin: Local RNA translation at the
synapse and in disease. J Neurosci 31,
16086-93 (2011)

DOI: 10.1523/JNEUROSCI.4105-11.2011

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

1480

Z Lu, HS Je, P Young, J Gross, B Lu, G Feng:
Regulation of synaptic growth and maturation
by a synapse-associated E3 ubiquitin ligase
at the neuromuscular junction. J Cell Biol 177,
1077-89 (2007)

DOI: 10.1083/jcb.200610060

D-N Shen, L-H Zhang, E-Q Wei, Y Yang:
Autophagy in  synaptic  development,
function, and pathology. Neurosci Bull 31,
416-26 (2015)

DOI: 10.1007/s12264-015-1536-6

N Rodriguez-Muela, P Boya: Axonal damage,
autophagy and neuronal survival. Autophagy
8, 286-8 (2012)

DOI: 10.4161/auto.8.2.18982

JH Son, JH Shim, K-H Kim, J-Y Ha, JY Han:
Neuronal autophagy and neurodegenerative
diseases. Exp Mol Med 44, 89 (2012)

DOI: 10.3858/emm.2012.44.2.031

DJ Klionsky, SD Emr: Autophagy as a
regulated pathway of cellular degradation.
Science 290, 1717-21 (2000)

DOI: 10.1126/science.290.5497.1717

Y Feng, ZYao, DJ Klionsky: How to control self-
digestion: transcriptional, post-transcriptional,
and post-translational regulation of autophagy.
Trends Cell Biol 25, 354-63 (2015)

DOI: 10.1016/j.tcb.2015.02.002

AM Cuervo, L Stefanis, R Fredenburg, PT
Lansbury, D Sulzer: Impaired degradation
of mutant alpha-synuclein by chaperone-
mediated autophagy. Science 305,
1292-5 (2004)

DOI: 10.1126/science.1101738

W Li, Q Yang, Z Mao: Chaperone-mediated
autophagy: machinery, regulation and
biological consequences. Cell Mol Life Sci 68,
749-63 (2010)

DOI: 10.1007/s00018-010-0565-6

J Ahlberg, L Marzella, H Glaumann: Uptake
and degradation of proteins by isolated rat liver
lysosomes. Suggestion of a microautophagic
pathway of proteolysis. Lab Invest 47,
523-32 (1982)

AU Arstila, BF Trump: Studies on cellular
autophagocytosis.  The  formation of
autophagic vacuoles in the liver after
glucagon administration. Am J Pathol 53,
687-733 (1968)

N Mizushima, T Yoshimori, Y Ohsumi: The role

© 1996-2016


http://dx.doi.org/10.1007/BF00972470
http://dx.doi.org/10.1126/science.1102026
http://dx.doi.org/10.1016/j.cell.2008.09.057
http://dx.doi.org/10.1038/nn2063
http://dx.doi.org/10.1371/journal.pone.0003871
http://dx.doi.org/10.1523/JNEUROSCI.3169-05.2005
http://dx.doi.org/10.1007/s00429-002-0233-1
http://dx.doi.org/10.1523/JNEUROSCI.4105-11.2011
http://dx.doi.org/10.1083/jcb.200610060
http://dx.doi.org/10.1007/s12264-015-1536-6
http://dx.doi.org/10.4161/auto.8.2.18982
http://dx.doi.org/10.3858/emm.2012.44.2.031
http://dx.doi.org/10.1126/science.290.5497.1717
http://dx.doi.org/10.1016/j.tcb.2015.02.002
http://dx.doi.org/10.1126/science.1101738
http://dx.doi.org/10.1007/s00018-010-0565-6

Autophagy in peripheral nervous system

26.

27.

28.

20.

30.

31.

32.

33.

34.

of Atg proteins in autophagosome formation.
Annu Rev Cell Dev Biol 27, 107-32 (2011)
DOI: 10.1146/annurev-cellbio-092910-154005

WA Dunn: Studies on the mechanisms of
autophagy: formation of the autophagic
vacuole. J Cell Biol 110, 1923-33 (1990)

DOI: 10.1083/jcb.110.6.1923

ST Shibutani, T Yoshimori: A current
perspective of autophagosome biogenesis.
Cell Res 24, 58-68 (2014)
DOI: 10.1038/cr.2013.159

RC Russell, H-X Yuan, K-L Guan: Autophagy
regulation by nutrient signaling. Cell Res 24,
42-57 (2014)

DOI: 10.1038/cr.2013.166

SC Bodine, TN Stitt, M Gonzalez, WO Kline,
GL Stover, R Bauerlein, E Zlotchenko, A
Scrimgeour, JC Lawrence, DJ Glass, et al.:
Akt/mTOR pathway is a crucial regulator of
skeletal muscle hypertrophy and can prevent
muscle atrophy in vivo. Nat Cell Biol 3,
1014-9 (2001)

DOI: 10.1038/ncb1101-1014

I-H Park, J Chen: Mammalian target of
rapamycin (mTOR) signaling is required for
a late-stage fusion process during skeletal
myotube maturation. J Biol Chem 280,
32009-17 (2005)

DOI: 10.1074/jbc.M506120200

R Loewith, E Jacinto, S Wullschleger, A
Lorberg, JL Crespo, D Bonenfant, W Oppliger,
P Jenoe, MN Hall: Two TOR complexes, only
one of which is rapamycin sensitive, have
distinct roles in cell growth control. Mol. Cell
10, 457-68 (2002)

DOI: 10.1016/S1097-2765(02)00636-6

DD Sarbassov, SM Ali, D-H Kim, DA Guertin,
RR Latek, H Erdjument-Bromage, P Tempst,
DM Sabatini: Rictor, a novel binding partner of
mTOR, defines a rapamycin-insensitive and
raptor-independent pathway that regulates the
cytoskeleton. Curr Biol 14, 1296-302 (2004)
DOI: 10.1016/j.cub.2004.06.054

C Mammucari, G Milan, V Romanello, E
Masiero, R Rudolf, P Del Piccolo, SJ Burden,
R Di Lisi, C Sandri, J Zhao, et al.: FoxO3
controls autophagy in skeletal muscle in vivo.
Cell Metab 6, 458-71 (2007)

DOI: 10.1016/j.cmet.2007.11.001

M Sandri, C Sandri, A Gilbert, C Skurk, E

35.

36.

37.

38.

39.

40.

41.

1481

Calabria, A Picard, K Walsh, S Schiaffino,
SH Lecker, AL Goldberg: Foxo transcription
factors induce the atrophy-related ubiquitin
ligase atrogin-1 and cause skeletal muscle
atrophy. Cell 117, 399-412 (2004)

DOI: 10.1016/S0092-8674(04)00400-3

A Sengupta, JD Molkentin, KE Yutzey: FoxO
Transcription Factors Promote Autophagy
in Cardiomyocytes. J Biol Chem 284,
28319-31 (2009)

DOI: 10.1074/jbc.M109.024406

SC Bodine, E Latres, S Baumhueter, VK
Lai, L Nunez, BA Clarke, WT Poueymirou,
FJ Panaro, E Na, K Dharmarajan, et al.
Identification of ubiquitin ligases required
for skeletal muscle atrophy. Science 294,
1704-8 (2001)

DOI: 10.1126/science.1065874

SH Lecker, RT Jagoe, A Gilbert, M Gomes,
V Baracos, J Bailey, SR Price, WE Mitch,
AL Goldberg: Multiple types of skeletal
muscle atrophy involve a common program
of changes in gene expression. FASEB J 18,
39-51 (2004)

DOI: 10.1096/fj.03-0610com

R Rudolf, J Bogomolovas, S Strack, K-R Choi,
MM Khan, A Wagner, K Brohm, A Hanashima,
A Gasch, D Labeit, et al.: Regulation of
nicotinic acetylcholine receptor turnover by
MuRF1 connects muscle activity to endo/
lysosomal and atrophy pathways. Age (Dordr).
35, 1663-74 (2013)

DOI: 10.1007/s11357-012-9468-9

MM Khan, S Strack, F Wild, A Hanashima,
A Gasch, K Bronm, M Reischl, S Carnio, D
Labeit, M Sandri, et al.: Role of autophagy,
SQSTM1, SH3GLB1, and TRIM63 in the
turnover of nicotinic acetylcholine receptors.
Autophagy 10, 123-36 (2014)

DOI: 10.4161/auto.26841

P Isakson, P Holland, A Simonsen: The role
of ALFY in selective autophagy. Cell Death
Differ 20, 12-20 (2013)

DOI: 10.1038/cdd.2012.66

V Kirkin, T Lamark, Y-S Sou, G Bjorkoy, JL
Nunn, J-A Bruun, E Shvets, DG McEwan,
TH Clausen, P Wild, et al.: A role for NBR1 in
autophagosomal degradation of ubiquitinated
substrates. Mol. Cell 33, 505-16 (2009)

DOI: 10.1016/j.molcel.2009.01.020

© 1996-2016


http://dx.doi.org/10.1146/annurev-cellbio-092910-154005
http://dx.doi.org/10.1083/jcb.110.6.1923
http://dx.doi.org/10.1038/cr.2013.159
http://dx.doi.org/10.1038/cr.2013.166
http://dx.doi.org/10.1038/ncb1101-1014
http://dx.doi.org/10.1074/jbc.M506120200
http://dx.doi.org/10.1016/S1097-2765(02
http://dx.doi.org/10.1016/j.cub.2004.06.054
http://dx.doi.org/10.1016/j.cmet.2007.11.001
http://dx.doi.org/10.1016/S0092-8674(04
http://dx.doi.org/10.1074/jbc.M109.024406
http://dx.doi.org/10.1126/science.1065874
http://dx.doi.org/10.1096/fj.03-0610com
http://dx.doi.org/10.1007/s11357-012-9468-9
http://dx.doi.org/10.4161/auto.26841
http://dx.doi.org/10.1038/cdd.2012.66
http://dx.doi.org/10.1016/j.molcel.2009.01.020

Autophagy in peripheral nervous system

42.

43.

44.

45.

46.

47.

48.

49.

50.

T Johansen, T Lamark: Selective autophagy
mediated by autophagic adapter proteins.
Autophagy 7, 279-96 (2011)

DOI: 10.4161/auto.7.3.14487

A Khaminets, T Heinrich, M Mari, P Grumati,
AK Huebner, M Akutsu, L Liebmann, A Stolz,
S Nietzsche, N Koch, et al.: Regulation of
endoplasmic reticulum turnover by selective
autophagy. Nature 522, 354-8 (2015)

DOI: 10.1038/nature14498

T Cullup, ALKho, C Dionisi-Vici, B Brandmeier,
F Smith, Z Urry, MA Simpson, S Yau, E Bertini,
V McClelland, et al.: Recessive mutations in
EPG5 cause Vici syndrome, a multisystem
disorder with defective autophagy. Nat Genet
45, 83-7 (2013)

DOI: 10.1038/ng.2497

H Zhao, YG Zhao, X Wang, L Xu, L Miao, D
Feng, Q Chen, AL Kovacs, D Fan, H Zhang:
Mice deficient in Epg5 exhibit selective
neuronal vulnerability to degeneration. J Cell
Biol 200, 731-41 (2013)

DOI: 10.1083/jcb.201211014

Y Egami, S Kiryu-Seo, T Yoshimori, H Kiyama:
Induced expressions of Rab24 GTPase and
LC3 in nerve-injured motor neurons. Biochem
Biophys Res Commun 337, 1206-13 (2005)
DOI: 10.1016/j.bbrc.2005.09.171

L Sun, Z Wu, M Baba, C Peters, Y Uchiyama,
H Nakanishi: Cathepsin B-dependent motor
neuron death after nerve injury in the adult
mouse. Biochem Biophys Res Commun 399,
391-5 (2010)

DOI: 10.1016/j.bbrc.2010.07.084

C Penas, M Font-Nieves, J Fores, V Petegnief,
A Planas, X Navarro, C Casas: Autophagy,
and BiP level decrease are early key events
in retrograde degeneration of motoneurons.
Cell Death Differ 18, 1617-27 (2011)

DOI: 10.1038/cdd.2011.24

| Vaccari, A Carbone, SC Previtali, YA
Mironova, V Alberizzi, R Noseda, C Rivellini,
F Bianchi, U Del Carro, M D’Antonio, et al.:
Loss of Fig4 in both Schwann cells and motor
neurons contributes to CMT4J neuropathy.
Hum Mol Genet 24, 383-96 (2015)

DOI: 10.1038/cdd.2011.24

L Notterpek, MC Ryan, AR Tobler, EM Shooter:
PMP22 accumulation in aggresomes:
implications for CMT1A pathology. Neurobiol

51.

52.

53.

54.

55.

56.

57.

58.

59.

1482

Dis 6, 450-60 (1999)
DOI: 10.1006/nbdi.1999.0274

MC Ryan, EM Shooter, L Notterpek:
Aggresome formation in neuropathy models
based on peripheral myelin protein 22
mutations. Neurobiol Dis 10, 109-18 (2002)
DOI: 10.1006/nbdi.2002.0500.

J Fortun, WA Dunn, S Joy, J Li, L Notterpek:
Emerging role for autophagy in the removal of
aggresomes in Schwann cells. J Neurosci 23,
10672-80 (2003)

C Boyault, B Gilquin, Y Zhang, V Rybin, E
Garman, W Meyer-Klaucke, P Matthias,
CW Miller, S Khochbin: HDAC6—p97/VCP
controlled polyubiquitin chain turnover. EMBO
J 25, 3357-66 (2006)

DOI: 10.1038/sj.emboj.7601210

JMT Hyttinen, M Amadio, J Viiri, A Pascale,
A Salminen, K Kaarniranta: Clearance
of misfolded and aggregated proteins by
aggrephagy and implications for aggregation
diseases. Ageing Res Rev 18, 16-28 (2014)
DOI: 10.1016/j.arr.2014.07.002

J-S Ju, RA Fuentealba, SE Miller, E Jackson,
D Piwnica-Worms, RH Baloh, CC Weihl:
Valosin-containing protein (VCP) is required
for autophagy and is disrupted in VCP
disease. J Cell Biol 187, 875-88 (2009)

DOI: 10.1083/jcb.200908115

JO Johnson, J Mandrioli, M Benatar, Y
Abramzon, VM Van Deerlin, JQ Trojanowski,
JR Gibbs, M Brunetti, S Gronka, J Wuu, et al.:
Exome sequencing reveals VCP mutations
as a cause of familial ALS. Neuron 68,
857-64 (2010)

DOI: 10.1016/j.neuron.2010.11.036

ST de Bot, HJ Schelhaas, E-J Kamsteeg,
BPC van de Warrenburg: Hereditary spastic
paraplegia caused by a mutation in the VCP
gene. Brain 135, €223 (2012)

DOI: 10.1093/brain/aws201

GDJ Watts, J Wymer, MJ Kovach, SG
Mehta, S Mumm, D Darvish, A Pestronk, MP
Whyte, VE Kimonis: Inclusion body myopathy
associated with Paget disease of bone and
frontotemporal dementia is caused by mutant
valosin-containing protein. Nat Genet 36,
377-81 (2004)

DOI: 10.1038/ng1332

MA Gonzalez, SM Feely, F Speziani, A V

© 1996-2016


http://dx.doi.org/10.4161/auto.7.3.14487
http://dx.doi.org/10.1038/nature14498
http://dx.doi.org/10.1038/ng.2497
http://dx.doi.org/10.1083/jcb.201211014
http://dx.doi.org/10.1016/j.bbrc.2005.09.171
http://dx.doi.org/10.1016/j.bbrc.2010.07.084
http://dx.doi.org/10.1038/cdd.2011.24
http://dx.doi.org/10.1038/cdd.2011.24
http://dx.doi.org/10.1006/nbdi.1999.0274
http://dx.doi.org/10.1006/nbdi.2002.050052
http://dx.doi.org/10.1038/sj.emboj.7601210
http://dx.doi.org/10.1016/j.arr.2014.07.002
http://dx.doi.org/10.1083/jcb.200908115
http://dx.doi.org/10.1016/j.neuron.2010.11.036
http://dx.doi.org/10.1093/brain/aws201
http://dx.doi.org/10.1038/ng1332

Autophagy in peripheral nervous system

60.

61.

62.

63.

64.

65.

66.

Strickland, M Danzi, C Bacon, Y Lee, T-F
Chou, SH Blanton, CC Weihl, et al.: A novel
mutation in VCP causes Charcot-Marie-Tooth
Type 2 disease. Brain 137, 2897-902 (2014)
DOI: 10.1093/brain/awu224

SM Lee, L-S Chin, L Li: Protein misfolding
and clearance in demyelinating peripheral
neuropathies:  Therapeutic  implications.
Commun Integr Biol 5, 107-10 (2012)

DOI: 10.4161/cib.18638

| Madorsky, K Opalach, A Waber, JD Verrier,
C Solmo, T Foster, WA Dunn, L Notterpek:
Intermittent fasting alleviates the neuropathic
phenotype in a mouse model of Charcot-
Marie-Tooth disease. Neurobiol Dis 34,
146-54 (2009)

DOI: 10.1016/j.nbd.2009.01.002

S Lee,
supports
enhancing
control mechanisms.
1085-90 (2013)

DOI: 10.1016/j.exger.2012.12.008

J Nicks, S Lee, A Harris, DJ Falk, AG Todd, K
Arredondo, WADunn, L Notterpek: Rapamycin
improves peripheral nerve myelination while
it fails to benefit neuromuscular performance
in neuropathic mice. Neurobiol Dis 70,
224-36 (2014)

DOI: 10.1016/j.nbd.2014.06.023

SK Kumar, SV Rajkumar, A Dispenzieri, MQ
Lacy, SR Hayman, FK Buadi, SR Zeldenrust,
D Dingli, SJ Russell, JA Lust, et al.: Improved
survival in multiple myeloma and the impact of
novel therapies. Blood 111, 2516-20 (2008)
DOI: 10.1182/blood-2007-10-116129

A Nakano, M Abe, A Oda, H Amou, M Hiasa,
S Nakamura, H Miki, T Harada, S Fujii,
K Kagawa, et al.: Delayed treatment with
vitamin C and N-acetyl-L-cysteine protects
Schwann cells without compromising the anti-
myeloma activity of bortezomib. Int J Hematol
93, 727-35 (2011)

DOI: 10.1007/s12185-011-0850-7

T Watanabe, K Nagase, M Chosa, K
Tobinai: Schwann cell autophagy induced by
SAHA, 17-AAG, or clonazepam can reduce
bortezomib-induced peripheral neuropathy.
Br J Cancer 103, 1580-7 (2010)

DOI: 10.1038/sj.bjc.6605954

L Notterpek: Dietary restriction
peripheral nerve health by
endogenous protein  quality
Exp Gerontol 48,

67.

68.

69.

70.

71.

72.

73.

74.

1483

C Fusco, L Micale, M Egorov, M Monti,
EV D’Addetta, B Augello, F Cozzolino, A
Calcagni, A Fontana, RS Polishchuk, et al.:
The ES3-ubiquitin ligase TRIM50 interacts
with HDAC6 and p62, and promotes the
sequestration and clearance of ubiquitinated
proteins into the aggresome. PLoS One 7,
40440 (2012)

DOI: 10.1371/journal.pone.0040440

C Fusco, L Micale, B Augello, B Mandriani,
MT Pellico, P De Nittis, A Calcagni, M Monti,
F Cozzolino, P Pucci, et al.: HDAC6 mediates
the acetylation of TRIM50. Cell Signal 26,
363-9 (2014)

DOI: 10.1016/j.cellsig.2013.11.036

V Arndt, N Dick, R Tawo, M Dreiseidler, D
Wenzel, M Hesse, DO Furst, P Saftig, R Saint,
BK Fleischmann, et al.: Chaperone-assisted
selective autophagy is essential for muscle
maintenance. Curr Biol 20, 143-8 (2010)
DOI: 10.1016/j.cub.2009.11.022

AS Kwok, K Phadwal, BJ Turner, PL Oliver,
A Raw, AK Simon, K Talbot, VR Agashe:
HspB8 mutation causing hereditary distal
motor neuropathy impairs lysosomal delivery
of autophagosomes. J Neurochem 119,
1155-61 (2011)

DOI: 10.1111/j.1471-4159.2011.07521.x

P Rusmini, V Crippa, E Giorgetti, A
Boncoraglio, R Cristofani, S Carra, A Poletti:
Clearance of the mutant androgen receptor
in motoneuronal models of spinal and bulbar
muscular atrophy. Neurobiol Aging 34,
2585-603 (2013)

DOI: 10.1016/j.neurobiolaging.2013.05.026

V Crippa, D Sau, P Rusmini, A Boncoraglio, E
Onesto, E Bolzoni, M Galbiati, E Fontana, M
Marino, S Carra, et al.: The small heat shock
protein B8 (HspB8) promotes autophagic
removal of misfolded proteins involved in
amyotrophic lateral sclerosis (ALS). Hum Mol
Genet 19, 3440-56 (2010)

DOI: 10.1093/hmg/ddq257

V Crippa, S Carra, P Rusmini, D Sau, E
Bolzoni, C Bendotti, S De Biasi, A Poletti:
A role of small heat shock protein B8 (HspB8)
in the autophagic removal of misfolded
proteins responsible for neurodegenerative
diseases. Autophagy 6, 958-60 (2014)

DOI: 10.4161/auto.6.7.13042

A Ferrier, Y De Repentigny, A Lynch-Godrei,

© 1996-2016


http://dx.doi.org/10.1093/brain/awu224
http://dx.doi.org/10.4161/cib.18638
http://dx.doi.org/10.1016/j.nbd.2009.01.002
http://dx.doi.org/10.1016/j.exger.2012.12.008
http://dx.doi.org/10.1016/j.nbd.2014.06.023
http://dx.doi.org/10.1182/blood-2007-10-116129
http://dx.doi.org/10.1007/s12185-011-0850-7
http://dx.doi.org/10.1038/sj.bjc.6605954
http://dx.doi.org/10.1371/journal.pone.0040440
http://dx.doi.org/10.1016/j.cellsig.2013.11.036
http://dx.doi.org/10.1016/j.cub.2009.11.022
http://dx.doi.org/10.1111/j.1471-4159.2011.07521.x
http://dx.doi.org/10.1016/j.neurobiolaging.2013.05.026
http://dx.doi.org/10.1093/hmg/ddq257
http://dx.doi.org/10.4161/auto.6.7.13042

Autophagy in peripheral nervous system

75.

76.

77.

78.

79.

80.

81.

82.

S Gibeault, W Eid, D Kuo, X Zha, R Kothary:
Disruption in the autophagic process
underlies the sensory neuropathy in
dystonia musculorum mice. Autophagy 11,
1025-36 (2015)

DOI: 10.1080/15548627.2015.1052207

R Rudolf, MM Khan, S Labeit, MR Deschenes:
Degeneration of Neuromuscular Junction in
Age and Dystrophy. Front Aging Neurosci 6,
99 (2014)

DOI: 10.3389/fnagi.2014.00099

M Gonzalez-Freire, R de Cabo, SA Studenski,
L 207 Ferrucci: The Neuromuscular Junction:
Aging at the Crossroad between Nerves and
Muscle. Front Aging Neurosci 6, 208 (2014)
DOI: 10.3389/fnagi.2014.00208

FA Court, TH Gillingwater, S Melrose, DL
Sherman, KN Greenshields, AJ Morton, JB
Harris, HJ Willison, RR Ribchester: Identity,
developmental restriction and reactivity
of extralaminar cells capping mammalian
neuromuscular junctions. J Cell Sci 121,
3901-11 (2008)

DOI: 10.1242/jcs.031047

R Rudolf, MM Khan, D Lustrino, S Labeit,
IC Kettelhut, LCC Navegantes: Alterations
of cAMP-dependent signaling in dystrophic
skeletal muscle. Front Physiol 4, 290 (2013)
DOI: 10.3389/fphys.2013.00290

MM Khan, D Lustrino, WA Silveira, F Wild, T
Straka, Y Issop, E O’'Connor, D Cox, M Reischl,
T Marquardt, et al.. Sympathetic innervation
controls homeostasis of neuromuscular
junctions in health and disease. Proc Natl
Acad Sci USA 113, 746-50 (2016)

DOI: 10.1073/pnas.1524272113

BE Flucher, MP Daniels: Distribution of Na+
channels and ankyrin in neuromuscular
junctions is complementary to that of
acetylcholine receptors and the 43 kd protein.
Neuron 3, 163-75 (1989)

DOI: 10.1016/0896-6273(89)90029-9

SJ Wood, CR Slater: Safety factor at the
neuromuscular junction. Prog Neurobiol 64,
393-429 (2001)

DOI: 10.1016/S0301-0082(00)00055-1

B Binotti, NJ Pavlos, D Riedel, D Wenzel, G
Vorbriiggen, AM Schalk, K Kuhnel, J Boyken,
C Erck, H Martens, et al.: The GTPase Rab26
links synaptic vesicles to the autophagy

83.

84.

85.

86.

87.

88.

89.

90.

1484

pathway. Elife 4, e05597 (2015)
DOI: 10.7554/eLife.05597

AM Rowland, JE Richmond, JG Olsen, DH
Hall, BA Bamber: Presynaptic terminals
independently regulate synaptic clustering
and autophagy of GABAA receptors in
Caenorhabditis elegans. J Neurosci 26,
1711-20 (2006)

DOI: 10.1523/JNEUROSCI.2279-05.2006

M Shehata, H Matsumura, R Okubo-Suzuki,
N Ohkawa, K Inokuchi: Neuronal stimulation
induces autophagy in hippocampal neurons
that is involved in AMPA receptor degradation
after chemical long-term  depression.
J Neurosci 32, 10413-22 (2012)

DOI: 10.1523/JNEUROSCI.4533-11.2012

P Libby, S Bursztajn, AL Goldberg:
Degradation of the acetylcholine receptor in
cultured muscle cells: selective inhibitors and
the fate of undegraded receptors. Cell 19,
481-91 (1980)

DOI: 10.1016/0092-8674(80)90523-1

C Hyman, SC Froehner: Degradation of
acetylcholine receptors in muscle cells: effect
of leupeptin on turnover rate, intracellular pool
sizes, and receptor properties. J Cell Biol 96,
1316-24 (1983)

DOI: 10.1083/jcb.96.5.1316

S Carnio, F LoVerso, MA Baraibar, E Longa,
MM Khan, M Maffei, M Reischl, M Canepari, S
Loefler, H Kern, et al.: Autophagy Impairment
in Muscle Induces Neuromuscular Junction
Degeneration and Precocious Aging. Cell Rep
8, 1509-21 (2014)

DOI: 10.1016/j.celrep.2014.07.061

G Valdez, JC Tapia, H Kang, GD Clemenson
Jr., FH Gage, JW Lichtman, JR Sanes:
Attenuation of age-related changes in mouse
neuromuscular synapses by caloric restriction
and exercise. Proc Natl Acad Sci USA 107,
14863-8 (2010)

DOI: 10.1073/pnas.1002220107

MA Fahim: Endurance exercise modulates
neuromuscular junction of C57BL/6NNia
aging mice. J Appl Physiol 83, 59-66 (1997)
MR Deschenes, CM Maresh, JF Crivello,
LE Armstrong, WJ Kraemer, J Covault:
The effects of exercise training of different

intensities on  neuromuscular  junction
morphology. J Neurocytol 22, 603-15 (1993)

© 1996-2016


http://dx.doi.org/10.1080/15548627.2015.1052207
http://dx.doi.org/10.3389/fnagi.2014.00099
http://dx.doi.org/10.3389/fnagi.2014.00208
http://dx.doi.org/10.1242/jcs.031047
http://dx.doi.org/10.3389/fphys.2013.00290
http://dx.doi.org/10.1073/pnas.1524272113
http://dx.doi.org/10.1016/0896-6273(89
http://dx.doi.org/10.1016/S0301-0082(00
http://dx.doi.org/10.7554/eLife.05597
http://dx.doi.org/10.1523/JNEUROSCI.2279-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.4533-11.2012
http://dx.doi.org/10.1016/0092-8674(80
http://dx.doi.org/10.1083/jcb.96.5.1316
http://dx.doi.org/10.1016/j.celrep.2014.07.061
http://dx.doi.org/10.1073/pnas.1002220107

Autophagy in peripheral nervous system

91.

92.

93.

94.

95.

96.

97.

98.

99.

DOI: 10.1007/BF01181487

MR Deschenes: MotorUnitand Neuromuscular
Junction Remodeling with Aging. Curr Aging
Sci 4, 209-20 (2011)

DOI: 10.2174/1874609811104030209

A Cheng, M Morsch, Y Murata, N Ghazanfari,
SW Reddel, WD Phillips: Sequence of
age-associated changes to the mouse
neuromuscular junction and the protective
effects of voluntary exercise. PLoS One 8,
67970 (2013)

DOI: 10.1371/journal.pone.0067970

AR Punga, MA Ruegg: Signaling and aging
at the neuromuscular synapse: lessons learnt
from neuromuscular diseases. Curr Opin
Pharmacol 12, 340-6 (2012)

DOI: 10.1016/j.coph.2012.02.002

A Kalinkovich, G Livshits: Sarcopenia - The
search for emerging biomarkers. Ageing Res
Rev 22, 58-71 (2015)

DOI: 10.1016/j.arr.2015.05.001

S Hettwer, S Lin, S Kucsera, M Haubitz, F
Oliveri, RG Fariello, MA Ruegg, JW Vrijbloed:
Injection of a soluble fragment of neural
agrin (NT-1654) considerably improves the
muscle pathology caused by the disassembly
of the neuromuscular junction. PLoS One 9,
88739 (2014)

DOI: 10.1371/journal.pone.0088739

A Stephan, JM Mateos, S V Kozlov, P Cinelli,
AD Kistler, S Hettwer, T Rulicke, P Streit, B
Kunz, P Sonderegger: Neurotrypsin cleaves
agrin locally at the synapse. FASEB J 22,
1861-73 (2008)

DOI: 10.1096/fj.07-100008

R Reif, S Sales, S Hettwer, B Dreier, C
Gisler, J Wolfel, D Luscher, A Zurlinden, A
Stephan, S Ahmed, et al.: Specific cleavage
of agrin by neurotrypsin, a synaptic protease
linked to mental retardation. FASEB J 21,
3468-78 (2007)

DOI: 10.1096/fj.07-8800com

S Hettwer, P Dahinden, S Kucsera, C Farina,
S Ahmed, R Fariello, M Drey, CC Sieber, JW
Vrijbloed: Elevated levels of a C-terminal agrin
fragment identifies a new subset of sarcopenia
patients. Exp Gerontol 48, 69-75 (2013)

DOI: 10.1016/j.exger.2012.03.002

JR Stout, MS Fragala, JR Hoffman, EH
Robinson, WP Mccormack, JR Townsend, AR

100.

101.

102.

103.

104.

105.

106.

1485

Jatjner, NS Emerson, LP Oliveira, DH Fukuda:
C-terminal agrin fragment is inversely related
to neuromuscular fatigue in older men. Muscle
Nerve 51, 132-3 (2015)

DOI: 10.1002/mus.24443

MS Fragala, AR Jajtner, KS Beyer, JR
Townsend, NS Emerson, TC Scanlon, LP
Oliveira, JR Hoffman, JR Stout: Biomarkers
of muscle quality: N-terminal propeptide of
type Il procollagen and C-terminal agrin
fragment responses to resistance exercise
training in older adults. J Cachexia Sarcopenia
Muscle 5, 139-48 (2014)

DOI: 10.1007/s13539-013-0120-z

M Drey, CC Sieber, JM Bauer, W Uter,
P Dahinden, RG Fariello, JW Vrijbloed:
C-terminal Agrin Fragment as a potential
marker for sarcopenia caused by degeneration
of the neuromuscular junction. Exp Gerontol
48, 76-80 (2013)

DOI: 10.1016/j.exger.2012.05.021

DY Kwon, M Dimitriadi, B Terzic, C Cable,
AC Hart, A Chitnis, KH Fischbeck, BG
Burnett: The E3 ubiquitin ligase mind bomb 1
ubiquitinates and promotes the degradation of
survival of motor neuron protein. Mol Biol Cell
24,1863-71 (2013)

DOI: 10.1091/mbc.E13-01-0042

J Chu, NA Hong, CA Masuda, B V Jenkins,
KA Nelms, CC Goodnow, RJ Glynne, H Wu,
E Masliah, CAP Joazeiro, et al.: A mouse
forward genetics screen identifies LISTERIN
as an E3 ubiquitin ligase involved in
neurodegeneration. Proc Natl Acad Sci USA
106, 2097-103 (2009)

DOI: 10.1073/pnas.0812819106

K Nakata, B Abrams, B Grill, A Goncharoy,
X Huang, AD Chisholm, Y Jin: Regulation
of a DLK-1 and p38 MAP kinase pathway
by the ubiquitin ligase RPM-1 is required
for presynaptic development. Cell 120,
407-20 (2005)

DOI: 10.1016/j.cell.2004.12.017

| Kim, S Rodriguez-Enriquez, JJ Lemasters:
Selective degradation of mitochondria by
mitophagy. Arch Biochem Biophys 462,
245-53 (2007)

DOI: 10.1016/j.abb.2007.03.034

AB Harbauer, RP Zahedi, A Sickmann, N
Pfanner, C Meisinger: The protein import
machinery of mitochondria-a regulatory hub in

© 1996-2016


http://dx.doi.org/10.1007/BF01181487
http://dx.doi.org/10.2174/1874609811104030209
http://dx.doi.org/10.1371/journal.pone.0067970
http://dx.doi.org/10.1016/j.coph.2012.02.002
http://dx.doi.org/10.1016/j.arr.2015.05.001
http://dx.doi.org/10.1371/journal.pone.0088739
http://dx.doi.org/10.1096/fj.07-100008
http://dx.doi.org/10.1096/fj.07-8800com
http://dx.doi.org/10.1016/j.exger.2012.03.002
http://dx.doi.org/10.1002/mus.24443
http://dx.doi.org/10.1007/s13539-013-0120-z
http://dx.doi.org/10.1016/j.exger.2012.05.021
http://dx.doi.org/10.1091/mbc.E13-01-0042
http://dx.doi.org/10.1073/pnas.0812819106
http://dx.doi.org/10.1016/j.cell.2004.12.017
http://dx.doi.org/10.1016/j.abb.2007.03.034

Autophagy in peripheral nervous system

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

metabolism, stress, and disease. Cell Metab
19, 357-72 (2014)
DOI: 10.1016/j.cmet.2014.01.010

DA Kubli, AB Gustafsson: Mitochondria and
mitophagy: the yin and yang of cell death
control. Circ Res 111, 1208-21 (2012)

DOI: 10.1161/CIRCRESAHA.112.265819

AH V Schapira: Mitochondrial disease. Lancet
(London, England) 368, 70-82 (2006) http://

DOI: 10.1016/S0140-6736(06)68970-8

SE Shires, AB Gustafsson: Mitophagy
and heart failure. J Mol Med (Berl) 93,
253-62 (2915)

DOI: 10.1007/s00109-015-1254-6

R Ruffoli, A Bartalucci, A Frati, F Fornai:
Ultrastructural studies of ALS mitochondria
connect altered function and permeability with
defectsof mitophagyand mitochondriogenesis.
Front Cell Neurosci 9, 341 (2015)

DOI: 10.3389/fncel.2015.00341

D Simon, H Seznec, A Gansmuller, N Carelle,
P Weber, D Metzger, P Rustin, M Koenig, H
Puccio: Friedreich ataxia mouse models with
progressive cerebellar and sensory ataxia
reveal autophagic neurodegenerationin dorsal
root ganglia. J Neurosci 24, 1987-95 (2004)
DOI: 10.1523/JNEUROSCI.4549-03.2004

P Grumati, L Coletto, M Sandri, P Bonaldo:
Autophagy induction rescues muscular
dystrophy. Autophagy 7, 426-8 (2011)

DOI: 10.4161/auto.7.4.14392

RJ Youle, DP Narendra: Mechanisms
of mitophagy. Nat Rev Mol Cell Biol 12,
9-14 (2011)

DOI: 10.1038/nrm3028

AW Greene, K Grenier, MA Aguileta, S Muise,
R Farazifard, ME Haque, HM McBride, DS
Park, EA Fon: Mitochondrial processing
peptidase regulates PINK1 processing,
import and Parkin recruitment. EMBO Rep 13,
378-85 (2012)

DOI: 10.1038/embor.2012.14

H Kato, Q Lu, D Rapaport, V Kozjak-Pavlovic:
Tom70 is essential for PINK1 import into
mitochondria. PLoS One 8, €58435 (2013)
DOI: 10.1371/journal.pone.0058435

K Yamano, RJ Youle: PINK1 is degraded
through the N-end rule pathway. Autophagy
9, 1758-69 (2013)

117.

118.

119.

120.

121.

122.

123.

124.

DOI: 10.4161/auto.24633

DP Narendra, SM Jin, A Tanaka, D-F Suen,
CA Gautier, J Shen, MR Cookson, RJ Youle:
PINK1 Is Selectively Stabilized on Impaired
Mitochondria to Activate Parkin. PLoS Biol 8,
1000298 (2010)

DOI: 10.1371/journal.pbio.1000298

ME Gegg, JM Cooper, K-Y Chau, M Rojo,
AH V Schapira, J-W Taanman: Mitofusin
1 and mitofusin 2 are ubiquitinated in a
PINK1/parkin-dependent manner  upon
induction of mitophagy. Hum Mol Genet 19,
4861-70 (2010)

DOI: 10.1093/hmg/ddg419

Y Chen, Y Liu, GW Dorn: Mitochondrial fusion
is essential for organelle function and cardiac
homeostasis. Circ Res 109, 1327-31 (2011)
DOI: 10.1161/CIRCRESAHA.111.258723

M  Karbowski, RJ Youle: Regulating
mitochondrial outer membrane proteins by
ubiquitination and proteasomal degradation.
Curr Opin Cell Biol 23, 476-82 (2011)

DOI: 10.1016/j.ceb.2011.05.007

NC Chan, AM Salazar, AH Pham, MJ
Sweredoski, NJ Kolawa, RLJ Graham, S
Hess, DC Chan: Broad activation of the
ubiquitin-proteasome system by Parkin is
critical for mitophagy. Hum Mol Genet 20,
1726-37 (2011)

DOI: 10.1093/hmg/ddr048

V Romanello, E Guadagnin, L Gomes, | Roder,
C Sandri, Y Petersen, G Milan, E Masiero, P
Del Piccolo, M Foretz, et al.: Mitochondrial
fission and remodelling contributes to muscle
atrophy. EMBO J 29, 1774-85 (2010)

DOI: 10.1038/emb0j.2010.60

P Grumati, L Coletto, P Sabatelli, M Cescon, A
Angelin, E Bertaggia, B Blaauw, A Urciuolo, T
Tiepolo, L Merlini, et al.: Autophagy is defective
in collagen VI muscular dystrophies, and its
reactivation rescues myofiber degeneration.
Nat Med 16, 1313-20 (2010)

DOI: 10.1038/nm.2247

E Masiero, LAgatea, C Mammucari, B Blaauw,
E Loro, M Komatsu, D Metzger, C Reggiani, S
Schiaffino, M Sandri: Autophagy is required
to maintain muscle mass. Cell Metab 10,
507-15 (2009)

DOI: 10.1016/j.cmet.2009.10.008

Key Words: Review, NMJ, Autophagy, Peripheral

1486

© 1996-2016


http://dx.doi.org/10.1016/j.cmet.2014.01.010
http://dx.doi.org/10.1161/CIRCRESAHA.112.265819
http://DOI:%20/10.1016/S0140-6736%2806%2968970-8
http://dx.doi.org/10.1007/s00109-015-1254-6
http://dx.doi.org/10.3389/fncel.2015.00341
http://dx.doi.org/10.1523/JNEUROSCI.4549-03.2004
http://dx.doi.org/10.4161/auto.7.4.14392
http://dx.doi.org/10.1038/nrm3028
http://dx.doi.org/10.1038/embor.2012.14
http://dx.doi.org/10.1371/journal.pone.0058435
http://dx.doi.org/10.4161/auto.24633
http://dx.doi.org/10.1371/journal.pbio.1000298
http://dx.doi.org/10.1093/hmg/ddq419
http://dx.doi.org/10.1161/CIRCRESAHA.111.258723
http://dx.doi.org/10.1016/j.ceb.2011.05.007
http://dx.doi.org/10.1093/hmg/ddr048
http://dx.doi.org/10.1038/emboj.2010.60
http://dx.doi.org/10.1038/nm.2247
http://dx.doi.org/10.1016/j.cmet.2009.10.008

Autophagy in peripheral nervous system

Nervous System, Aggresome, Mitophagy, Review

Send correspondence to: Rudiger Rudolf,
Institute of Molecular and Cell Biology,
Mannheim University of Applied Sciences, Paul-
WittsackstraBe 10, 68163 Mannheim, Germany,
Tel: 49-621 2926804, Fax: 49-621 2926244,
E-mail: r.rudolf@hs-mannheim.de

1487

© 1996-2016


mailto:r.rudolf@hs-mannheim.de

