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Abstract

Axon degeneration is a pathophysiological process of axonal dying and breakdown, which is characterized by several mor-
phological features including the accumulation of axoplasmic organelles, disassembly of microtubules, and fragmentation
of the axonal cytoskeleton. Autophagy, a highly conserved lysosomal-degradation machinery responsible for the control of
cellular protein quality, is widely believed to be essential for the maintenance of axonal homeostasis in neurons. In recent
years, more and more evidence suggests that dysfunctional autophagy is associated with axonal degeneration in many
neurodegenerative diseases. Here, we review the core machinery of autophagy in neuronal cells, and provide several major
steps that interfere with autophagy flux in neurodegenerative conditions. Furthermore, this review highlights the potential
role of neuronal autophagy in axon degeneration, and presents some possible molecular mechanisms by which dysfunctional
autophagy leads to axon degeneration in pathological conditions.
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Introduction

Neurons are highly polarized cells that have morphologi-
cally distinct regions optimized for their functional roles.
A typical neuron consists of a cell body and two types of
processes: the dendrites and the axon. Among them, the
axon is a long, slender extension that transmits electrical or
chemical signals away from the neuron’s cell body. In many
pathophysiological conditions, a program of axonal destruc-
tion can be activated and leads to the rapid degeneration of
the whole or one segment of the axon [1, 2]. Axon degenera-
tion is a process of axonal dying and breakdown, which is
characterized by several morphological features including
the accumulation of axoplasmic organelles, disassembly of
microtubules, and fragmentation of the axonal cytoskeleton.
Axon degeneration can be initiated by a broad range of trig-
gers. It is not only necessary for the development, plasticity,
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and regeneration of neurons [3, 4], but also a prominent
early event in different pathological conditions including
traumatic axonal injury, toxic neuropathy, and chronic neu-
rodegenerative diseases [5—7]. In many neurodegenerative
diseases such as Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), and Alzheimer’s disease (AD), the
axon is the first damaged neuronal compartment that often
occurs many years before the death of cell body [8, 9].

Over the past 30 years, great progress has been made in
the understanding of axonal degeneration. Today, it is gen-
erally accepted that axon degeneration is an active process
of axonal self-destruction. That was not always the case.
Previously, axonal degradation was considered as a result of
losing trophic factors from the soma. The classic example
of axonal degeneration, Wallerian degeneration, was first
described by Waller in 1850, and had been regarded as a
passive axonal death for a long time. However, the discovery
of a mouse strain carrying the spontaneous gain-of-function
mutation Wallerian degeneration slow (Wlids) has radically
challenged this dogma in 1989 [10]. The observation on
Wilds mice, in which injured axons apart from cell bodies
show a significant prolonged survival, revealed that axonal
degeneration might be an active program under the control
of axons [5, 10], although the exact mechanism still remains
unclear.
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At the beginning of this century, autophagy was first
linked to the neurodegeneration [11]. Meanwhile, Ravi-
kumar et al. found that aggregate-prone proteins that are
typically associated with Huntington’s disease (HD) accu-
mulated in cells treated with autophagy inhibitors [12]. Sub-
sequently, two studies from Japanese scientists provided fur-
ther evidence for this. Komatsu et al. and Hara et al. found
that mice lacking the autophagy-related genes (Atg7 and
Atg5) in the nervous system showed behavioral defects,
axonal degeneration, and neuronal loss [13, 14]. Thus, these
studies highlighted that constitutive autophagy plays a vital
role in maintaining axonal homeostasis.

Autophagy, or ‘self-eating’, is a machinery of lysosome-
dependent degradation of intracellular materials. Now, it
is well known that autophagy is involved in a wide vari-
ety of physiological processes, such as adaptive metabolic
response, embryonic development and the establishment of
immunologic self-tolerance. Moreover, emerging evidence
suggests that the dysregulation of autophagy may contribute
to a broad spectrum of human diseases, including cancer,
muscular disease and neurodegenerative disease [15, 16]. In
neurons, constitutive autophagy is maintained at a relatively
low level under physiological condition, which is important
for the homeostasis and protein quality control in axon. In
contrast, dysfunctional autophagy can lead to neurodegen-
erative disease and axon breakdown. Here, we review our
understanding of the machinery of autophagy, consider the
major steps that are interfering with autophagy process in
axon degeneration, and highlight some aspects influenced
by abnormal autophagy contributing to axonal destruction.

The machinery of autophagy

Autophagy is a highly conserved cellular degradative path-
way that involves the delivery of cytoplasmic cargo to the
lysosome. At present, three major types of autophagy have
been identified, including chaperone-mediated autophagy
(CMA), microautophagy, and macroautopahgy. Chaper-
one-mediated autophagy makes use of a chaperone protein
selectively deliver the soluble cytosolic proteins into the
lysosome for degradation. Microautophagy involves the
direct engulfment of cytoplasmic materials at the lysosome
surface through the invagination of lysosomal membrane.
Macroautophagy is characterized by the formation of dou-
ble-membrane autophagosome sequestering and deliver-
ing cytosolic cargoes into lysosomes for degradation [17].
Among them, macroautophagy is supposed to be the major
catabolic mechanism and is most extensively investigated.
This Review will focus on the pathways and processes of
macroautophagy (hereafter autophagy).

Over the past two decades, the molecular events that drive
autophagy have been characterized detailedly in yeasts and
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mammalian cells. Nowadays, more than 30 autophagy-
related (Atg) genes have been identified, which function as
molecular machinery for autophagy. Briefly, autophagy initi-
ates as an isolation membrane (IM, also called phagophore
or pre-autophagosome), then gradually grows into a dou-
ble-membrane autophagosome, and subsequently matures
into an autolysosome after fusion with lysosomes. Finally,
the autophagosome-containing cytoplasmic materials are
degraded by lysosomal enzymes [18].

The formation of autophagosome

Mechanistically, the process of autophagosome formation
can be divided into a series of interrelated steps including
initiation, nucleation, elongation and maturation. At first,
a cup-like single-membrane structure appeared. Then, it
elongated into a complete double-membrane vesicle, termed
autophagosome in mammals [19].

Of all the Atg proteins in autophagosome formation,
the Atgl/Unc-51-like kinase 1(ULK1) complex is at the
most upstream step of autophagy pathway. The process
of autophagy starts from the association of ULK1, Atgl3,
FIP200, and Atgl01. The ULK1 complex facilitates the
recruitment of other related proteins to the site of autophago-
some nucleation [17, 20, 21]. Furthermore, class III phos-
phatidylinositol 3-kinase (PI3K), Vps34, is required for the
formation of autophagosomes. In mammals, class III PI3K
complex consists of Beclin 1 (Atgb6 homolog), Atgl4L,
hVpsl15, and hVps34 [20, 22, 23]. Herein, phosphatidylino-
sitol 3-phosphate (PI3P), the product of Vps34, plays a vital
role in the early stages of autophagy. In the meantime, the
activity of Vps34 is modulated through its interaction with
Beclin 1 [24]. Therefore, the Beclin 1 binding partners such
as ambra-1 and UVRAG can induce autophagy. By contrast,
the binding of anti-apoptotic proteins Bcl-2 or Bel-XL to
Beclin 1 can inhibit autophagy [25].

The elongation of autophagic membrane depends on two
ubiquitin-like conjugating systems: the Atg12—-Atg5—-Atg16L
system and the microtubule-associated protein 1 light chain 3
(LC3)/Atg8 system. Among them, the Atg12—-Atg5—-Atgl6L
complex is necessary for the elongation of the phagophore
membrane, but it is dissociated with mature autophagosome
[20, 26, 27]. In the LC3/Atg8 ubiquitin-like conjugating sys-
tem, LC3 is biosynthesized as a precursor and is cleaved at
its COOH terminus by Atg4B to form LC3-1. Then, cyto-
solic isoform LC3-I is conjugated to phosphatidylethanola-
mine (PE) to produce a lipidated form of LC3 (LC3-II) by
Atg7 (El-like enzyme) and Atg3 (E2-like enzyme) [28, 29].
LC3-II is specifically targeted to the elongating autophago-
some membrane and remains on completed autophagosomes
[30] (Fig. 1). Newly generated double-membrane autophago-
somes matures after turning to autolysosomes by fusion
with lysosomes. This process depends on the association of
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Fig.1 Cellular mechanism of autophagy. The autophagic pathway
can be divided into separate stages, including initiation, nuclea-
tion, elongation, maturation, fusion, and degradation. The ULK1-
Atg13-FIP200-Atgl101 complex initiates autophagic process and
facilitates the recruitment of other autophagy-related proteins to
the site of autophagosome nucleation. Furthermore, the formation
of autophagosomes requires the activity of the class III phosphati-
dylinositol 3-kinase (PI3K) consisting of Beclin 1, Atgl4L, hVps15,
and hVps34. Membranes originated from the ER, Golgi complex, or

Syntaxinl7 (STX17), SNAP29 and the lysosomal SNARE
VAMPS [31].

Autophagy in neurons

In neurons, the vast majority of autophagosomes formed in
the distal axons. Occasionally, formation of LC3-positive
vesicles could be detected in mid axons and cell bodies
[32-34]. The autophagosomes in the distal axons need to be
delivered to the soma where lysosomes accumulate for deg-
radation. This centripetal movement of autophagosomes is
dependent on the motor protein dynein and is a microtubule-
dependent retrograde transport along axon [35].

Under both normal and pathological conditions,
autophagosomes are located on microtubules by the inter-
action of LC3 and microtubule-associated protein 1B
(MAPI1B) that function as a regulator for microtubule sta-
bility [36]. Along the axon, dynein—dynactin complex, the
major minus-end motor for transporting various cargo on
microtubules, drive autophagosomes to undergo robust
retrograde motility [32]. Specifically, newly generated
autophagosomes at the distal axons usually exhibit ineffi-
cient back-and-forth bidirectional motility, because dynein
and kinesin motors (including kinesin-1 and kinesin-2), both
bound to autophagosomes trafficking along axons, possess
competing activities [37]. To determine and maintain the
direction of autophagosomes in axonal transport, motor scaf-
folding protein JIP1 recruitment to nascent autophagosomes

mitochondria compose the cup-like isolation membrane (also called
phagophore). During the stage of elongation, LC3-II and the Atgl2—
Atg5-Atgl6L complex locate on the membrane and promote phago-
phore expansion. In the meantime, phagophore engulfs cytoplasmic
components, resulting in an autophagosome. Then, the double-mem-
brane autophagosome merge with lysosome to form a single-mem-
brane autolysosome. Finally, the components engulfed in autophago-
some are degraded and released as small molecules

plays an essential role as a switch to regulate the initiation of
unidirectional movement toward the soma [37]. JIP1 binds
directly to both dynein at p150Glued and kinesin 1 at kinesin
heavy chain (KHC) simultaneously. Once JIP1 is recruited
to autophagosomes via binding to LC3, the interaction that
blocks the binding of JIP1 to KHC prevents kinesin 1 acti-
vation. Autophagosomes begin to exit out of the distal axon
and continue into the mid- and proximal axon depending on
JIP1 recruitment. At that time, most autophagosomes turns
to move in a unidirectional retrograde manner [37].

During autophagic trafficking along axon, autophagosome
can fuse with late endosome (LE) to form an amphisome
in the mid-axon and then with lysosomes, thus generat-
ing autolysosomes. In addition, some autophagosomes can
also fuse directly with lysosomes to form autolysosomes.
It is exceptionally common that the majority of axonal
autophagosomes are positive for LAMP1, an endosomal/
lysosomal marker [33, 38]. However, there exists some
LAMPI1-negative autophagosomes in the soma that are
likely synthesized locally within this region [38]. Further-
more, the formation of amphisomes is a prerequisite for
retrograde movement. LE-loaded SNAPIN acts as an adap-
tor attaching dynein to facilitate the retrograde transport of
amphisomes [39]. Amphisomes finally fuses with lysosome
for digesting cargos. As autophagosomes move along the
axons retrogradely, they mature and become increasingly
acidified [38]. Autophagosome maturation into autolys-
osomes are believed to occur mostly when they reach the
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proximal regions of axon or the cell body [33, 38]. The pri-
mary site of autophagosome maturation is supported by the
appearance of autophagosome accumulation in the soma
only, not in the neurites, when lysosome function is blocked
with bafilomycin A1 [38].

Under physiological conditions, only very few autophago-
somes can be detected in neurons [40]. These findings
initially lead to the assumption that there is a limited
autophagic activity in neuronal cells. However, it is now
believed that scarcity of autophagosomes in neurons is likely
due to a highly efficient maturation and degradation, because
blocking lysosomal degradation by inhibitory drugs results
in a markedly increase of autophagosomes in primary corti-
cal neurons [33, 41].

Alteration of autophagy in axonal
degeneration

As postmitotic cells, neurons cannot dilute out aggregated
proteins and damaged organelles in the cytoplasm by cell
division. Thus, neurons are particularly dependent on the
cellular protein-quality-control system to eliminate these
toxic materials and maintain their own homeostasis. In
healthy neurons, basal autophagy is constitutively active
and highly efficient to maintain their viability and func-
tionality, whereas dysfunctional autophagy might result in
or contribute to axon degeneration and neuronal death [38,
42]. Nowadays, increasing evidence has demonstrated that
disrupted autophagy is involved in a diverse range of neuro-
degenerative diseases such as AD, PD, HD, and retinal gan-
glion cell (RGC) death [43—47]. In fact, autophagy was ini-
tially supposed to be a possible mechanism underlying these
disorders, because early studies found that there existed
an increased number of autophagosomes in the brains of
patients [48]. However, more recent reports support that
autophagy primarily protects against the neurodegeneration.
The accumulation of autophagosomes in neurodegenerative
disorders only represents an adaptive response to increased
protein load or is the consequence of a defect in autophago-
some maturation [49, 50].

Alterations at distinct autophagy steps

Given that autophagy is a highly dynamic process that is
modulated at distinct steps, the rate of cargo degradation
depends on the efficiency of autophagic flux. In detail,
autophagic flux is a term describing the whole process of
autophagy, including autophagosome formation, matu-
ration, fusion with lysosomes, and degradation. The effi-
ciency of autophagy degradation pathway mainly depends
on the patency of autophagic flow rather than the number
of autophagosomes. Only all the stages of autophagic flux
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remain unobstructed, the degradation of the substrate can
be achieved. On the contrary, when the downstream of
autophagic flow is blocked, the substrate could not be effi-
ciently degraded even if autophagosome formation level is
normal or even increased (Fig. 2). In neurodegenerative dis-
orders, impairment at distinct steps of autophagic pathway
from autophagosome formation to substrate degradation is
likely to decrease the efficiency of autophagic degradation,
thus leading to the buildup of damaged organelles or aggre-
gated proteins.

Affects autophagosome biogenesis

Perturbed initiation of autophagy and impaired autophagy
formation are widely mentioned in the chronic settings of
neurodegeneration. Deregulation of key autophagy-related
genes, such as Beclin 1, ATG7, and ULK1, is considered as
a critical event in the above-mentioned conditions.

Beclin 1, an essential Atg protein for the initiation of
autophagy, has demonstrated a markedly reduction in the
brains of AD patients, which was localized into the most
vulnerable brain regions of AD pathology [51]. In the mean-
time, increased proteolysis of Beclin 1 was also observed in
AD. Caspase-mediated cleavage not only reduced the level of
Beclin 1 and impaired autophagy activity, but also promoted
cell apoptosis [52—54]. In addition, Ca**-activated neutral
proteases (calpains) could also cleave Beclin 1 in a similar
manner [55, 56]. The perturbed initiation of autophagy was
also reported in PD. It has been found that a-synuclein, an
essential pathogenic protein to PD, disassociates the Bec-
lin—Vps34 complex and perturbs autophagy. Moreover, over-
expressed high-mobility group box 1 (HMGB1) is involved
in a-synuclein-mediated dysfunctional autophagy by binding
to Beclinl [57].

Genetic experiments give compelling evidence that sup-
ports the ablation of critical autophagy genes resulting in
axonal degeneration. Atg7 functions as E1 enzyme in the
two ubiquitin-like conjugation systems to activate Atg8 and
Atgl2 and help them translocate to the PAS [20]. Loss of
Atg7 reduces autophagy so significantly that autophago-
somes are absent in the axons of Atg7-knockout Purkinje
cell. Meanwhile, tissue-specific Atg7 deletion resulted in a
massive loss of neurons in the cerebral and cerebellar cor-
tices of mouse [13, 58]. Moreover, cell-specific knockout
of Atg7 gene in midbrain dopamine (DA) neurons causes
the formation of ubiquitinated inclusions in DA neurons
and delayed neurodegeneration [59]. Similarly, neural-cell-
specific Atg5~~ mice developed obvious behavioral abnor-
malities, which were accompanied by the accumulation of
inclusion bodies in neurons [14].

ULKI1 and ULK2 are necessary for the initiation of
autophagy, Ulkl/2-deficient mice will die of progressive
neurodegeneration perinatally. A possible mechanism for
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Fig.2 Dynamic process of autophagic flux under different condi-
tions. a Under normal conditions, basal autophagy occurs. b When
autophagy is induced, the formation of both autophagosomes
and autolysosomes increases, and autophagic flux is enhanced. ¢
When autophagy is suppressed at upstream steps, the formation of

the loss of neurons is that SEC16A-dependent ER-to-Golgi
trafficking of cargoes is impaired in Ulk1/2-deleted mice,
and therefore, ER stress is stimulated [60]. Moreover, WIPI4
(also known as WDR45), one of mammalian orthologs
for yeast Atgl8 also plays a significant role in regulating
autophagosome formation [61]. WIPI4 mutation is related to
static encephalopathy of childhood with neurodegeneration
in adulthood (SENDA) [62]. Further investigation revealed
that autophagic flux was incompletely blocked at an inter-
mediate step of autophagosome formation, which led to the
accumulation of immature autophagic structures in neurons.
These results were consistent with the observation in cells
derived from SENDA patients [62].

Although the aetiology of neurodegenerative diseases is
associated with autophagy dysfunction, enhanced induction
of autophagy is commonly observed as well. For instance,
ULK1 can be activated and induce autophagy in AD,

Autophagosome
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autophagosomes and autolysosomes decreases, and autophagic flux is
blocked. d When autophagy is suppressed at downstream steps, only
the number of autophagosomes increases, whereas the formation of
autolysosomes is blocked. Thus, autophagic flux decreases

because amyloid beta (Af), a protein central to the patho-
genesis of AD, increases tribbles pseudokinase 3 (TRIB3)
that inactivates mTOR [63]. Interestingly, mTOR can be
sequestered in a variety of aggregate-prone protein inclu-
sions. In HD cell model, transgenic mice, and human patient
brains, the sequestration of mTOR by polyglutamine aggre-
gates resulted in a reduced mTOR activity, and thus leading
to autophagy enhancement [64, 65]. In addition, stimulated
Rho-associated coiled-coilkinases (ROCK1) in AD could
induce autophagosome formation via binding and phospho-
rylating Beclinl and dissociating Beclin1-Bcl-2 interaction
[66].

Moreover, autophagy can be induced by mutated Cu, Zn-
superoxide dismutase (SOD1) and increased reactive oxygen
species (ROS). About 20% of familial amyotrophic lateral
sclerosis (fALS) carry the mutations in SOD1 gene. Mutant
SOD1 protein misfolds and forms insoluble inclusions in
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motor neurons. Under the circumstances, on the one hand,
autophagy can promote the degradation of misfolded pro-
teins and damaged organelles. On the other hand, the mutant
SOD1 can activate autophagy via an abnormal interaction
with Beclin 1 [67-69]. ROS also plays a key role in activat-
ing class III PI3 kinase and autophagy induction in response
to AP peptide [70]. Despite the increased autophagosome
formation, substrate degradation does not always increase
under these pathological conditions as expected.

In addition, autophagy initiation can be remarkably
enhanced after axonal damage. In acute axonal degeneration
of optic nerve, the rapid increase of Ca** flux released from
ER is an important upstream regulator of autophagy. Nowa-
days, it is assumed that cytoplasmic Ca** might enhance
autophagy activity via the activation of Ca/calmodulin-
dependent protein kinase kinase-f (CaMKK-p) or Calcineu-
rin (CaN) [71]. After application of the calcium chelator,
autophagosome accumulation decreases significantly while
p62-marked substrates increases remarkably [72].

Overall, although it is generally accepted that the dys-
functional autophagy is associated with neurodegeneration,
the above-mentioned studies show obvious paradox phenom-
enon. In the case of AD, different studies suggest of different
state of neuronal autophagy, activation or inhibition. This
inconsistency may represent a dynamic pathophysiologi-
cal process of the disease. Perhaps, the initial increase in
autophagosomes and autophagic activity observed in AD
models should be considered as a compensatory response
to AP peptides, but the autophagy machinery becomes
dysfunctional over time. Therefore, in the late stage of AD
disease, excessive accumulation of Af burden will lead to
autophagy dysfunction.

Defective cargo recognition

Cargo recognition failure and other defects in selective
autophagy are sufficient to lead to neurodegenerative dis-
eases. For instance, mutant huntingtin gene (mHtt) is
believed to be the pathogenic cause for HD. When mHtt pro-
tein is not efficiently removed, it accumulates within neurons
in the form of oligomers and aggregates [73]. Meanwhile,
markedly increased autophagosomes in affected neurons are
observed. However, the efficiency of autophagy-mediated
proteolysis does not increase as expected, but instead the
turnover of cytosolic components in HD cells is actually
reduced [74]. Indeed, in cell and mouse models of HD,
autophagosomes occur at normal or even increased rates,
but they fail to efficiently trap cytosolic cargo in their lumen
[74]. At present, the exact mechanism for the impaired abil-
ity to recognize cargo of autophagosomes remains elusive.

Recently, autophagic adaptors have attracted increas-
ing attention. Selective autophagy targets specific car-
gos through a group of autophagy adaptor proteins. They
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recognize degradation signals on cargo proteins and bind
LC3 proteins on the forming autophagosomes. Multiple
lines of evidence supported that the mutation of autophagy
adaptors was causally associated with neurodegenerative
diseases. For example, the mutation of p62 contributes to the
neurodegeneration in ALS, PD, AD, frontotemporal lobar
degeneration, and childhood-onset neurodegeneration [75,
76], while mutations in OPTN have been linked to ALS, HD,
and primary open-angle glaucoma [77-79]. Furthermore,
mutant PINK1 and Parkin have been reported to contribute
to the loss of selectivity in recognizing the cargo in PD.
In familial PD cases, the mutations in PINK1 and Parkin
impeded the selective degradation of damaged mitochondria
via autophagic pathway, but had no obvious impact on the
elimination of other organelles [80].

Disrupts axonal transport

There is a long distance separating axonal and synaptic
domains from neuronal cell bodies. The translocation and
delivery of materials essential for maintaining axonal and
synaptic function along axons depends highly on axonal
transport. Anterograde axonal transport is responsible for
the movement of membranous organelles from cell body
towards axon terminals, and allows renewal of axonal pro-
teins, whereas retrograde axonal transport returns old mem-
brane constituents, trophic factors, exogenous material to
the cell body and could represent a feedback mechanism
for controlling the metabolic activity of the soma [81, 82].

Alteration of axonal transport represents an early and crit-
ical pathological change in neurodegenerative diseases such
as AD, HD, PD, ALS, and spinal muscular atrophy (SMA)
[83]. Under these circumstances, accumulated autophagic
vacuoles observed in the dystrophic axons may be caused by
impairing axonal transport [43, 84]. It has been illustrated
that the accumulation of autophagosomes appears after
axonal transport impairment in the Parkinsonian mimetic
axonal degeneration of dopaminergic neurons by 6-hydroxy-
dopamine (6-OHDA) treatment [85] and N-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) active derivative (MPP*)
[86]. Moreover, the maturation of autophagosomes was also
blocked when axonal retrograde transport is disturbed. Thus,
most autophagosomes in dystrophic axon terminal are nas-
cent [34, 36]. In this respect, damaged cellular structures
involved in axonal traffic and dysfunctional motor proteins
may account for ineffective axonal transport that leads to
autophagosome accumulation.

Defects of motor proteins can lead to prohibition of
autophagosomes moving along axons. It is found that
dynein-driven endolysosomal trafficking is deficient at early
asymptomatic stages in fALS-linked mice. These deficits
impair the degradation of autophagic vacuoles from distal
axons [43]. The mutation of critical motor proteins, such
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as kinesin heavy-chain gene KIF5A, dynein heavy chain,
the p150Glued subunit of dynactin, the CAP-Gly domain of
dynactin was observed in other neurodegenerative diseases
[78, 87-89]. Moreover, the loss of dynein function resulted
in the formation of protein aggregates and increased levels
of the autophagosome in both cell culture and mouse HD
models, compatible with impaired autophagosome-lysosome
fusion [90].

Given that autophagosomes movement along axons relies
on microtubule as tracks, some adverse factors that compro-
mise the integrity of microtubule networks inevitably lead to
autophagosome accumulation. In the presenilin-1 (PS1)/Ap
precursor protein (APP) transgenic mouse model, the defects
in microtubule network and molecular motors resulted in
impaired axonal transport, local autophagosome accumu-
lation, and axonal dystrophy [91]. Moreover, in neurons
undergoing neurofibrillary degeneration, microtubules were
almost completely absent. Axonal injury result in cytoskel-
etal alteration, which then impacts axonal transport [92].

Axonal inclusion bodies can also impair axonal retro-
grade transport. For instance, extensively expressed neuronal
ataxin-3 tends to aggregate into inclusion bodies that impair
fiber tracts in spinocerebellar ataxia type 3 (SCA3) patients.
These inclusion bodies aggregating in fiber tracts are det-
rimental to axonal transport and thereby contribute to the
progressive neurodegeneration [93]. Recently, a new study
reported that AP oligomers that are enriched in axons inter-
feres with the combination of dynein motor with SNAPIN
and, thus, disrupt dynein-driven retrograde transport of
amphisomes [94].

Furthermore, following the acute axonal degeneration
of optic nerve, increased cytoplasmic Ca>* not only affects
the formation of autophagosomes, but also disintegrate the
cytoskeleton and microtubules resulting in impairment of
autophagosomes clearance [72]. Therefore, the striking
accumulations of immature autophagic vacuoles in dys-
trophic neurites of optic nerve implicates that autophagy
may be enhanced significantly, or that the autophagosomes
transport or maturation to lysosomes may be impaired [95].
Taken together, these findings suggest that aberrant accu-
mulation of autophagosomes in axons observed in some
pathological conditions is more likely to be caused by the
disturbance of axonal transport, rather than the activation
of autophagy.

Blocks the maturation and clearance of autophagosomes

As mentioned previously, increased number of autophago-
somes does not always represent an enhanced autophagy
activity, because the impairments in late stages of autophagic
flux, in particular the blockage of autophagosome matura-
tion and fusion also lead to the accumulation of autophago-
somes. In AD patients and PS1/APP mouse model, neuronal

autophagy was first induced before the extracellular depos-
its of amyloid beta (Ap) peptide. Then, autophagosomes
and late autophagic vacuoles significantly accumulated in
dystrophic neurites, suggesting an impeded maturation of
autophagic vacuoles to autolysosomes [96].

It is true that the final stage of autophagic-lysosomal deg-
radative pathway is commonly blocked in neurodegenera-
tive disorders. In the case of AD, the defects in lysosomal
acidification contribute to the failure of autophagy-mediated
protein degradation. In fact, the regulation of lysosomal pH
in neurons is very sensitive to many insults [97]. For exam-
ple, AD-related protein presenilin-1 mutations were reported
to impair lysosome acidification and result in pathogenic
protein and autophagosome accumulation in varieties of
AD [98]. Furthermore, lysosomal proteolysis dysfunction
can slow the axonal transport of autophagic compartments
and results in the increase of immature autophagosomes.
For example, in AD model of mice and primary neu-
rons, autophagic vacuoles including autolysosomes, late
endosomes, and lysosomes were observed to aggregate in
focal axonal swellings by restraining lysosomal proteoly-
sis [33, 42]. Therefore, the autophagic pathology observed
in AD is likely due to impaired clearance of autophagic
vesicles rather than enhanced autophagosome formation
alone. [41]. In addition, aberrant autophagy accompanied
by neurodegeneration is extensive in lysosomal storage dis-
eases (LSDs), which are associated with the deficiency of
lysosomal hydrolases resulting in progressive accumulation
of poly-ubiquitinated protein aggregates and dysfunctional
mitochondria [99]. Immature autophagosome accumula-
tions are widely observed in Danon disease, Pompe disease,
multiple sulfatase deficiency (MSD), neuronal ceroid-lipo-
fuscinoses (NCLs), and mucopolysaccharidosis type IIIA
[99-102].

In conclusion, following injury, autophagosomes can be
trapped in distal axons or their maturation and degradation
in the soma is blocked. Even though the autophagy initiation
may be enhanced, autophagy flux in axons is compromised
for deficient retrograde transport or blocked maturation and
clearance.

Dual role of autophagy in axon degeneration

As mentioned above, autophagy is being considered as a
pivotal mechanism for maintaining homeostasis in healthy
neurons as well as a neuroprotective response when further
induced in neurodegeneration conditions. Although the exact
mechanism of autophagy alteration in injured neurons has
not been detailed and how autophagy influences axonal
degeneration is still elusive, a dual role of autophagy in axon
degeneration was observed in the pathological conditions.
In neurons, basal autophagy is essential for maintenance
of local homeostasis of axonal compartment and protection
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against axon degeneration. This protective effect appears to
be related to eliminate the damaged mitochondria and pro-
tein aggregates. Indeed, suppressed autophagy may result in
accumulation of abnormal proteins such as Ap peptides and
misfolded mutant SOD1 [51, 103], thus promoting protein
aggregation-induced axon degeneration. Meanwhile, the
beneficial role of autophagy in axon degeneration is sup-
ported by pharmacological induction of autophagy, which
effectively slows the neurodegeneration process in HD and
AD [65, 104]. By contrast, the inhibition of autophagy
decreases the viability of dorsal root ganglia (DRG) cells
and suppresses their neurite growth and branching complex-
ity [105]. Moreover, in vitro, in vivo, and epidemiological
data have demonstrated that natural agents such as resvera-
trol, trehalose, and quercetin protected neurons against
neurotoxic chemicals or in models of neuronal injury and
neurodegenerative diseases, which could be attributed to the
modulation of autophagic activity [106—109]. These results
agree with autophagic favorable roles in neurodegeneration.

Despite neuroprotective role of autophagy in most cases,
excessive activation of autophagy has been observed in
neurons undergoing cell death. In this respect, autophagy
can be regarded as a molecular mechanism of programmed
cell death contributing to neuron loss [110]. Though, some
reviews hold that autophagy may just present an unsuccess-
ful rescue response to cell death [111, 112]. Indeed, the exact
role of activated autophagy in neuronal death remains con-
troversial, because it is very difficult to determine whether
neurons die as a direct consequence of autophagic activation
or activated autophagy merely as an attempt to promote neu-
ron survival. However, undoubtedly, alteration of autophagy
predisposes cell death. Recently, there is more and more
compelling evidence that supports autophagy likely plays
a causative role in neuron death. Koch and Lingor reported
that activation of autophagy preceded the death of RGC cells
in the model of optic nerve injury [77].

Interestingly, autophagy enhancement by Atgl overex-
pression can cause dendrite degeneration of class IV neu-
rons in NMNAT heterozygotes Drosophila. By contrast,
genetically blocking autophagy can suppress hypoxia-
induced dendrite degeneration [113]. These results suggest
a self-destructive role of autophagy. Furthermore, Koch
et al. demonstrated that deficient autophagy conferred
resistance to axonal degeneration, which means autophagy
may play unfavorable functions in neurodegeneration. In
the meantime, inhibition of autophagy by 3-methyladenine
in acute conditions could slow disintegration of the axon
[72, 77]. Moreover, autophagy deficiency by Atg7 abla-
tion enhances neuronal survival in acute condition like
ischemic stroke [114]. It is also reported that conditional
deletion of autophagy gene Atg7 in dopamine neurons
achieves a remarkable axon protection in both neuro-
toxic and physical injury (axotomy) models of retrograde
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degeneration [115]. Therefore, autophagy may play pro-
tective role in chronic disease and, in contrast, harmful
role in acute disease. Indeed, it is observed that induced
autophagy serves completely opposite roles in two glau-
coma models: autophagy has neuroprotective effects in the
chronic model and promotes RGC death in the acute one
[77].

Additionally, the interaction between autophagy and
other cellular mechanism make it much more complicated
to define the exact role of autophagy in neurodegeneration.
There are some studies reporting that autophagic activity
induced by rapamycin lead to neuronal loss in ALS [84].
By contrast, when autophagy is induced by rapamycin with-
out the drugs’ influence on immune, survival in ALS could
be increased [116]. Besides the mutual influence between
autophagy and other process, it also deserves consideration
that activating autophagy at variant degeneration stage has
different effects. For example, the inhibition of autophagy
suppresses axonal degeneration within the first hours in the
animal model of optic nerve injury. In contrast, the induction
of autophagy at any later time promotes the survival of RGC
cells [77]. Therefore, when considering the contribution of
autophagy to axon destruction, the time kinetics of neuro-
degeneration should be taken into account.

Whether upregulation of autophagy is neuroprotective or
damaging to the neuron is the subject of considerable debate.
These conflicting results might be related to the variation
in different disease models and different autophagic stages
modulated by drugs. Indeed, obvious differences between
axonal compartment and soma have been demonstrated
recently. Among them, the protective effect of rapamycin
was primarily observed in axons whereas the therapeutic
effect of 3-MA was reported with respect to soma survival
[77]. In fact, the roles of pro-survival and possible pro-cell-
death place autophagy at the centre of maintaining cell and
organismal homeostasis in response to various stresses.
Based on current knowledge, there are several assumptions
about autophagy beneficial or deleterious role: (1) it depends
upon the duration of diseases which are categorized as acute
and chronic; (2) it depends upon the stages of degeneration
at which autophagy is induced; (3) it depends upon the inten-
sity and duration of autophagy activation.

Potential mechanisms by which autophagy
affects axonal degeneration

To date, the exact mechanisms by which autophagy is
responsible for axonal degeneration have not been fully
elucidated. However, mounting evidence supports that the
following mechanisms may be involved in the axonal degen-
eration under the dysfunctional autophagy conditions.
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Dysfunctional autophagy results in abnormal
protein accumulation in neurons

Intracellular or extracellular aggregation of abnormal pro-
teins is one of conspicuous pathological changes in most
neurodegeneration. In eukaryotic cells, abnormal proteins
or insoluble protein deposits are degraded through two
major routes: the ubiquitin—proteasome system (UPS) and
autophagy-lysosomal pathway. The abnormal proteins are
usually recognized by molecular chaperones, which allow
proteins repair or refolding. If the chaperones do not suc-
ceed in this repairing activity, they pass the abnormal
protein to degradation via the UPS or chaperone-mediated
autophagy. When the first two systems are compromised
or cytoplasmic proteins turn into insoluble complex struc-
tures, autophagy is the only system that is able to clear
these toxic products.

When these aggregates cannot be removed by
autophagy, they would interfere with normal cellular traf-
ficking and trap still-functional proteins into themselves.
In postmitotic neurons, persistence of toxic products leads
to axon degeneration and cell death [50]. Impairments in
autophagy are often coupled with accumulation of pro-
tein aggregates and damaged organelles, which neurons
are vulnerable to different adverse insults [117]. Direct
evidence that supports the role of autophagy in control-
ling protein quality is from transgenic mice experiments.
As mentioned above, tissue-specific knockout of Atg5 or
Atg7 genes in mice result in a progressive neurobehaviour
abnormalities and massive neuronal loss in the cerebral
and cerebellar cortices [13, 14]. Notably, Purkinje cells in
mice cerebellum demonstrated an accumulation of aber-
rant membrane structures and polyubiquitinated proteins
in the axonal swellings [58]. Therefore, it is conceivable
that dysfunctional autophagy may disrupt the mainte-
nance of axon homeostasis and thus leads to axon degen-
eration. In fact, in AD, PD, HD and ALS, it has been
demonstrated that axonal degeneration is associated with
the accumulation of misfolded proteins such as amyloid
precursor protein, neurofilaments, a-synuclein-containing
Lewy bodies, or huntingtin proteins [5, 118, 119].

Pharmacological evidence also indirectly supports that
dysfunctional autophagy is negatively correlated to the
toxic protein products clearance in neurite degeneration.
For instance, autophagy-inducing chemicals could effi-
ciently relieve the Ap25—-35-induced neurite degenera-
tion in AD cell models [104]. Furthermore, pharmaco-
logical activation of autophagy not only reduces the level
of neurodegeneration-associated proteins such as mutant
huntingtin and a-synuclein, but also alleviate their neuro-
toxicity in Drosophila and mouse models [49].

Dysfunctional autophagy delays the clearance
of impaired mitochondria

Mitochondria are the power plants inside cells that are
responsible for generating ATP for cell survival through
oxidative phosphorylation. Furthermore, mitochondria are
implicated in critical cellular processes such as programmed
cell death and the regulation of inflammatory responses
[120-122]. Dysfunction of mitochondria can lead to a wide
range of disorders due to the impact on cellular metabolism
and production of ROS [123]. Impaired mitochondrial func-
tion and dynamics are associated with axonal degeneration
in major neurodegenerative disorders such as AD and PD
[124, 125].

For quality control of mitochondria in cells, mitophagy
is responsible for the selective removal of superfluous and
damaged mitochondria under a variety of pathophysiological
conditions. At present, it is well-known that several forms
of mitophagy can occur in response to mitochondria depo-
larization, oxidative stress, or under particular physiological
scenarios such as the fertilization of oocytes and maturation
of reticulocytes [126, 127]. Autophagy-dependent removal
of damaged mitochondria is essential to relieve oxidative
stress and prevent cytosolic and axonal damage and sub-
sequent cell death. Nowadays, PINK1-Parkin-mediated
mitophagy is the most well-characterized pathway. PINK1
is a mitochondrial serine/threonine kinase, which acts as a
molecular sensor to monitor mitochondrial status and pro-
tect cells from stress-induced mitochondrial dysfunction. In
healthy mitochondria, mitochondrial transmembrane poten-
tial drives PINK1 import into the inner mitochondrial mem-
brane (IMM) by the translocase of the outer mitochondrial
membrane (OMM) [128]. By contrast, mitochondrial dam-
age causes the accumulation of PINK1 on the OMM without
being imported on the IMM. Then, PINK1 recruits Parkin
(PARK?2) to activate mitophagy [128]. For example, in acute
injured axons, damaged mitochondria are eliminated locally
by neighboring lysosomes within the axon to prevent further
oxidative damage [125]. By contrast, impaired mitophagy
may account for the accumulation of dysfunctional mito-
chondrial and ROS in neuronal models of tuberous sclerosis
complex (TSC), a neurodevelopmental disease caused by
TSC1 or TSC2 mutations [129].

Mutations in genes that encode PINK1 and Parkin are
closely related to a juvenile onset form of PD [130, 131].
At present, it is widely accepted that mutation of PINK1
and PARK2 genes plays a critical role in the pathogenesis
of PD [132], because loss of PINK1 and Parkin function
contributes to the accumulation of damaged mitochondria
and death of dopaminergic neurons in the substantia nigra
in the mesencephalon [123]. Further support for a mitochon-
drial etiology in Parkinson’s disease comes from the early
observations that exposure to various mitochondrial toxins
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leads to Parkinson’s disease in humans and rodents [133].
Surprisingly, Parkinsonism is rare in primary mitochondrial
diseases and PD is not characterized by the severe neurode-
generation [123]. In this regard, it is assumed that alternative
mitophagy pathways may compensate for defects in PINK1
or Parkin, or that mitophagy may play a minor role in overall
mitochondrial maintenance.

Mitochondrial dysfunctions and abnormal accumulation
are also reported in AD. Generally, mitochondrial dysfunc-
tion can be an upstream inducer of Af aggregation and
phosphorylated Tau, while AP aggregation and phospho-
rylated Tau can further exacerbate mitochondrial dysfunc-
tion [134]. To some extent, the accumulation of impaired
mitochondria may be attributed to disturbed mitophagy.
Herein, it is supposed that lysosome function is initially
impaired, thereby disrupting the fusion of autophagosomes
and lysosomes and inhibiting mitochondrial degradation
[134]. Furthermore, haploinsufficiency of TANK-binding
kinase 1 (TBK1), a novel gene that promote Parkin-PINK
mitophagy by enhancing OPTN, NDP52, and p62 recruit-
ment to impaired mitochondria, is believed to be causative
for sporadic and familial ALS and frontotemporal dementia
[135—-137]. Mutations in valosin-containing protein (VCP),
which can regulate mitophagy and autophagosome matura-
tion, can cause multisystem degenerative disease including
neuronal diseases like sporadic ALS and PD [138, 139].

It is noteworthy that impaired mitochondria and excessive
production of ROS also affect autophagy activity in turn.
In this respect, increased ROS can induce the autophagy
by directly affecting the core autophagic machinery or
indirectly regulating the autophagy-related signaling. For
instance, the oxidation of a critical autophagy-related pro-
tein, Atg4, contributes to the vesicle elongation step of
autophagosome formation by preventing the delipidation of
LC3-11 [140, 141], whereas the activation of AMPK and the
induction of BNIP3 and BNIP3L can up-regulate the signals
for autophagy process [142—144]. These studies manifest
that autophagy activation in the setting of oxidative stress
represents a negative feedback loop that keeps down the
level of ROS in stressed cells.

Moreover, elevated production of ROS can disturb the
nicotinamide adenine dinucleotide (NAD) pathway, which
protects axon by suppressing oxidative stress [47]. This pro-
cess will impair autophagic flux through decreasing SIRT1,
a member of NAD"-dependent histone deacetylase family
(sirtuins), and finally bring about neurodegeneration [47].

Autophagy is involved in Wallerian-like
degeneration

In neurodegeneration conditions, the axon of an unhealthy

neuron progressively degenerates from the distal terminal
toward the cell body in a ‘dying-back’ manner, which is
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characterized by the granular disintegration of cytoskeleton,
the appearance of myelin ovoids, and eventual breakdown of
distal axons [145]. This process was defined as “Wallerian-
like degeneration” because it is morphologically similar to
Wallerian degeneration following axotomy.

In past decades, great advances have been made in under-
standing the molecular mechanism of axon degeneration. An
important breakthrough of Wallerian degeneration is the dis-
covery of a spontaneous mutant mouse strain, C57BL/WIds.
The axons in Wlds mice could survive for as long as 2 weeks
after transection, whereas axons in wild-type mice maintain
their integrity for only 1.5 days in wild-type mice [10, 146].
WIds protein contains the N terminus of ubiquitination fac-
tor Ufd2a and a full-length nicotinamide mononucleotide
adenylyl-transferase (NMNAT) [145]. Normally, NMNAT?2
is trafficked anterogradely along axons and serves as a sur-
vival factor. Disrupted axonal transport after injuries can
lead to the depletion of axonal NMNAT?2, which is an initiat-
ing event for injury-induced axon degeneration. Meanwhile,
multiple genes necessary for Wallerian degeneration have
been cloned in mouse and Drosophila. The most important
finding is sterile alpha and toll-interleukin 1 receptor (TIR)
motif containing 1 (SARM1), which has been identified as a
key activator of Wallerian degeneration [147]. Upon injury,
SARMI is stimulated and promotes rapid loss of NAD™,
which in turn leads to axonal degeneration both in neuronal
cultures and in vivo. SARMI1 knockout can significantly
inhibit the process of axon degeneration and prevent the neu-
ronal and axonal damage under oxidative stress [147, 148].

Recently, a crosstalk between NMNAT2 and SARMI1 in
axon degeneration has been observed. The TIR domain of
SARMI is required for its activity and can trigger axonal
degeneration, a recent report revealed an intrinsic NADase
activity in the SARM1-TIR domain [149, 150]. Meanwhile,
loss of NMNAT?2 may also trigger the activation of SARMI.
It is supposed that the reduction of NADT by NMNAT2-loss
stimulate SARM1 [151]. Currently, the downstream finally
leading to axonal fragment of SARM1-NMNAT pathway
is elusive. Gerdts [151] and Yang [152] hypothesize that
mitogen-activated protein kinase (MAPK) pathway is a
potential candidate. Recently, DiAntonio’s group proposed
that MAPK signaling promotes axon degeneration through
accelerating the turnover of NMNAT [153]. Another hypoth-
esis demonstrates that elevated SARMI1 facilitates Walle-
rian degeneration via activating dual leucine zipper kinase
(DLK)/INK, which subsequently stimulate calpains [154].
Calpains are usually activated in axonal degeneration by
calcium influx to degrade cytoskeletal components [155].
Taken together, Wallerian degeneration is modulated by
the opposing actions of pro-degenerative and pro-survival
factors (Fig. 3). Among them, the pro-degenerative factors
include MAPK signaling pathway and SARM1, while the
main pro-survival factors is NAD* biosynthetic enzyme
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Fig.3 Proposed cellular pathways by which autophagy is impli-
cated in Wallerian degeneration. Axonal injury can induce Wallerian
degeneration, which is modulated by the opposing actions of pro-
degenerative and pro-survival factors. It is supposed that autophagy
may interact with pro-degenerative factors (SARM1, CRMP2 and

NMNAT? that can inhibit activation of the SARM1 pathway
[153]. Excavating the function of NMNAT-SARMI1 pathway
may offer some evaluable information and help build up gen-
eral understandings of neurodegeneration.

Although the causal relationships between autophagy and
axonal degeneration are extensively investigated, nearly all
of the researches focused on the maintenance of local home-
ostasis of axons. Whether autophagy is directly involved in
the process of Wallerian degeneration still remains unclear.
Interestingly, recent studies have demonstrated that there
exist mechanistic links between neuronal autophagy and
Nmnat-mediated axonal protection. In rat model of optic
nerve degeneration, the axonal-protective effect of Nmnat3
was suppressed by autophagy inhibitors, whereas the
autophagy activator rapamycin promoted axonal survival.
These results indicated that the protection of Nmnat3 in axon
degeneration was closely related to autophagy machinery
[47, 156]. Similarly, the axonal-protective role of SIRT1 in

calpain) and pro-survival factors (NMNATs, SIRT1 and SCG10)
to modulate the process of Wallerian degeneration. However, the
exact functions and underlying mechanisms of the critical molecules
with respect to autophagy in Wallerian degeneration remain largely
unknown

the degeneration of RGCs is likely attributed to the modu-
lation of autophagy [47, 108]. Moreover, in the Drosophila
model, endogenous Nmnat can protect class IV dendritic
arborization neurons from hypoxia-induced dendritic injury.
However, the overexpression of Nmnat fails to prevent den-
drites damage caused by Atgl overexpression, suggesting
Nmnat acts on the upstream of autophagy [113].
Moreover, recent reports support that autophagy is the
basis for completion of Wallerian degeneration. In an in vitro
model using mouse dorsal root ganglia neurons, glycogen
synthase kinase 3p (GSK3p) phosphorylates and inactivates
collapsing response mediator protein 2 (CRMP2), a critical
mediator of promote microtubule assembly in axons, and
leads to the loss of cytoskeletal integrity, thus promoting
Wallerian degeneration [157]. In the meantime, GSK3p
can activate Beclin 1-dependent autophagy in degenerat-
ing axons through phosphorylation of BCL2 family mem-
ber MCL1, which contributes to ATP production and
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recruitment of phagocytes to axonal debris [158]. Further-
more, in the acute axon degeneration of rat optic nerve, the
initial axonal injury results in a rapid calcium influx into the
axon and activates a cascade of molecular events. On one
hand, the calcium-sensitive protease calpains is activated
and results in the fragmentation of microtubules and axonal
disintegration [95]. On the other hand, calcium influx leads
to the rapid local activation of autophagy. These findings
provide a good explanation with respect to increased num-
bers of autophagosomes in acute axon degeneration [72,
95]. Hence, even though axonal energy supply decreases in
degenerating axons for disrupted axonal transport, induced
autophagy can maintain ATP level independently on mito-
chondrial ATP production for short time [158]. These stud-
ies supported that axonal autophagy could provide energy
production required for Wallerian degeneration [158, 159],
which might be important for the successful completion of
Wallerian degeneration. Additionally, a recent study demon-
strated that autophagy induction could stabilize microtubules
by degrading microtubule disassembly protein SCG10 and
promote axon regeneration after spinal cord injury [160].

In summary, the causative link between autophagy and
Wallerian degeneration is beginning to be determined. How-
ever, the exact role and underlying mechanisms of autophagy
in Wallerian degeneration remains largely unknown. Fun-
damental understanding of these processes will ultimately
lead to the design of molecular therapies aimed at decreasing
neurodegeneration and its sequelae.

Excessive autophagy promotes
apoptosis-associated axonal degeneration

As an important adaptive catabolic process, autophagy can
be activated in response to different forms of stimuli such
as nutrient deficiency, hypoxia, and endoplasmic reticulum
stress. However, an excessive autophagy can lead to cell
death [117]. For example, autophagosome formation and
lysosomal activity are increased in RGCs after intraocular
pressure (IOP) [161]. In this aspect, autophagy plays a pro-
tective role in axons at first. However, when autophagy is
activated in the soma with the progressive ascending in IOP,
especially when IOP increases acutely, the enhancement of
autophagy flux will disrupt neuron homeostasis and induce
neuronal cell death rapidly [161].

Although axonal degeneration has been regarded as a
mechanism that is independent from apoptosis, it can be
the result of apoptotic program in neuron against adverse
stimuli. This axon degeneration induced by neuronal pro-
apoptotic signaling is termed as ‘axon apoptosis’ [162,
163]. It has been illustrated in global nerve growth factor
(NGF) model that DLK/INK or/and Akt pathway control
neuronal apoptotic program. NGF deprivation can cause
dephosphorylation of Tropomyosin receptor kinase A
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(TrkA), subsequently leading to activation of DLK-medi-
ated pro-apoptotic signaling [162]. In the meantime, a major
pro-survival pathway downstream of TrkA is Akt that can
directly phosphorylate and inhibit DLK activity [163]. Pro-
degenerative DLK and pro-survival Akt may share the same
downstream via Foxo3a/c-Jun controlling cell-body-local-
ized Puma that antagonizes Bcl-w and Bel-xL [163]. Hence,
excessive autophagy may promote axonal degeneration via
stimulating somal apoptosis rapidly.

Glial autophagy and axonal degeneration

The cells of the nervous system is divided into two catego-
ries: neurons and glial cells. Undoubtedly, glia—neuron inter-
actions play a critical role in the setting of axon injury. On
the one hand, axons rely heavily on glial energy and meta-
bolic support for their long-term survival, such as Schwann
cells (SC) in the PNS and oligodendrocytes in the CNS
[164]. On the other hand, glial cells such as microglia and
astrocytes can help eliminate axonal fragments dependently
on engulfment receptor Draper during degeneration [165].

Glial cells are sensitive to the disturbance of neurons and
coordinate a sophisticated cascade of reactive events, includ-
ing engagement of phagocytic programs to clear cellular
debris. In a recent study, axon degeneration could induce
glial responses through Draper—TRAF4-JNK pathway. This
process leads to the upregulation of Draper and facilitation
of glial engulfment of axonal debris [166]. Furthermore,
glial InR/Akt1 activity also promotes phagocytic clearance
of axonal fragmentation through STAT92E-dependent tran-
scription of Draper [167]. In contrast, suppression of phos-
phoinositide-3-kinase (PI3K) signaling and reduced expres-
sion of the phagocytic receptor Draper/MEGF10 make the
glial clear degenerating axons slowly [168].

Considered that PI3K and mTOR are essential effectors
in the regulation of autophagy, it is assumed that autophagy
is a potential digestive process in glial cells for degradating
axonal fragments. After axon damage, axonal degeneration
is accompanied with segmental demyelination [169]. Note-
worthily, myelin sheath has been broken into some pieces
observed in the cytoplasm of Schwann cells [170]. Hence,
it is conceivable that activation of autophagy in Schwann
cells regulates myelin destruction following axonal injury,
which is further supported by the delayed myelin clearance
in Schwann cells with pharmacological and genetic inhibi-
tion of autophagy [169, 170].

Furthermore, the emerging protein Sonic hedgehog (Shh)
released from glial cells may be a bridge connecting glial
signaling and neuronal autophagy, because Shh signaling
could protect neurons against degeneration by bolstering
neuronal autophagy depending on PI3K [171]. By contrast,
impaired Shh signaling pathway contributes to age-related
neurological disorders such as AD [172]. However, it is
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still unclear whether Shh bound to axonal degeneration by
autophagy stimulation is exactly discharged from glia. In
this respect, this intriguing relationship between glial and
neuronal autophagy is worthy of further investigation.

Additionally, the role of neuroinflammation in neuro-
degeneration is being paid more and more attention. Espe-
cially, the activation microglia is believed to be associated
with the pathogenesis of many neurodegenerative diseases.
Although the inflammatory response is a self-defensive
reaction against various pathogenic stimuli, chronic inflam-
mation may become a harmful self-damaging process that
can cause serious damage to host’s own tissue. Interest-
ingly, recent studies found that activated autophagy can
selectively eliminate the damaged mitochondria, thereby
inhibiting the activation of inflammasomes and relieving
the inflammatory response [173]. In contrast, inhibition of
autophagy by genetic approaches can elevate the level of
NLRP3 inflammasome, increase the production of IL-1f,
IL-18, and enhance inflammatory response [120, 174]. Cer-
tainly, these findings are mainly from other disease models,
however, the same response may occur in neurodegenerative
diseases. Therefore, interfering with microglia autophagy
may be considered as an intervention strategy for the preven-
tion of neurodegeneration in the future.

Conclusion

Axonal degeneration is a common pathological feature in
many neurodegeneration conditions, the exact molecular
mechanisms underlying axon degeneration remain largely
unknown. In this review, we have highlighted the autophagy
defects observed in axonal degeneration and the potential
mechanisms that autophagy contributes to axonal degenera-
tion. In fact, increasing evidence supports that the roles of
autophagy in degenerating axons are much more compli-
cated than expected before. Undoubtedly, autophagy may
play different roles in various stages of axon degeneration.
In the meantime, there exists a complex set of interactions
between autophagy and other cellular mechanisms, such as
other degradation pathways including ubiquitin—proteasome
system and chaperone-mediated autophagy.

Moreover, it should be taken into consideration that
autophagy is a double-edged sword. Although increased
autophagy is beneficial for efficient clearance of abnormal
aggregations in axons, it might lead to the pathological axon
loss and neuronal cell death under certain conditions. A bet-
ter understanding of the causative link between dysfunc-
tional autophagy and axon degeneration could help decipher
the undergoing process in neurodegeneration and develop
targeted therapeutic treatments for neurodegenerative dis-
eases via modulating autophagy activity.
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