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a b s t r a c t

Autophagy is an evolutionarily conserved lysosomal degradation pathway that removes damaged or-
ganelles and protein aggregates from the cytoplasm. Being post-mitotic, neurons are particularly vul-
nerable to the accumulation of proteotoxins and are thus heavily dependent on autophagy to maintain
homeostasis. In fact, CNS-specific and neuron-specific loss of autophagy is sufficient to cause neurode-
generation in mice. Further, mutations in genes that encode PINK1 and Parkin, proteins that selectively
remove damaged mitochondria, cause Parkinson’s disease, linking defective autophagy with neurode-
generative disease in humans. This review provides an overview of the mechanisms of autophagy in the
axon and the role of neuronal autophagy in axonal homeostasis and degeneration. The pathway for
autophagosome biogenesis and maturation along the axon will be discussed as well as several key in-
sights revealing the diverse functions of axonal autophagy. Evidence linking altered autophagy with
axonal degeneration and neuronal death will be presented. Appropriate manipulation of autophagy may
lead to promising therapeutics for neurodegenerative diseases.

This article is part of a Special Issue entitled SI:Autophagy.
& 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Autophagy is a lysosomal degradation pathway that maintains
cellular homeostasis by destroying damaged proteins and orga-
nelles (Mizushima et al., 2008; Xie and Klionsky, 2007). In this
process, a portion of the cytoplasm is engulfed and sequestered
within a double membrane organelle termed an autophagosome
(Fig. 1). Subsequent fusion with lysosomes enables degradation of
internalized cargo by resident hydrolases. Degradation products
(e.g. amino acids, lipids) can then be exported from the lysosome
and recycled for new biosynthetic reactions. Thus, autophagy re-
cycles essential biosynthetic building blocks to help sustain cell
viability. Indeed, autophagy is particularly important for cell
survival under conditions of starvation.
Neurons are particularly dependent on active degradation

pathways such as autophagy to maintain homeostasis and viabi-
lity. Neurons are post-mitotic, and thus cannot dilute out proteo-
toxins simply by cell division. Furthermore, the vast majority of
neurons in the brain are born during embryogenesis and must
survive for an entire lifetime. C14-labeling of genomic DNA in-
dicates the age of cortical neurons as old as the human being
(Spalding et al., 2005). The small percentage of neurogenesis that
does occur in the adult mammalian brain is spatially restricted to
the dentate gyrus of the hippocampus and the subventricular zone
of the lateral ventricles; neurons generated in the subventricular
zone migrate and incorporate into the olfactory bulb (Zhao et al.,
2008). Therefore, there is essentially no cellular turnover or ex-
change of dysfunctional neurons, unlike other cell types such as
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Fig. 1. Schematic of the autophagy process. Cargo is enveloped within a double membrane cisterna, which fuses onto itself to form a closed autophagosome organelle.
Autophagosomes acquire hydrolases by fusing with lysosomes to form degradative autolysosomes. Degradation products can then be exported and used for new
biosynthesis.
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intestinal epithelial cells that are replaced every few days. As a
consequence, it is critical that neurons maintain robust quality
control mechanisms to support their long-term viability and
functionality.

The importance of autophagy in maintaining neuronal home-
ostasis is further underscored by various animal models in which
genes required for autophagosome formation are genetically in-
activated. CNS-specific and neuron-specific knockout of Atg5 or
Atg7, core machinery required for autophagosome formation, is
sufficient to induce axonal degeneration and neuron death in mice
(Hara et al., 2006; Komatsu et al., 2006, 2007; Nishiyama et al.,
2007). In the absence of autophagy, the axon terminal undergoes a
swelling, followed by retraction and neuron death. This neurode-
generation occurs in the absence of any neurodegenerative dis-
ease-linked proteins, indicating that autophagy is constitutively
active in neurons and basal levels of autophagy are critical for
axonal homeostasis.

Neurons also face the daunting logistical challenge of executing
autophagy over the extended distance of the axon. Neurons are
uniquely characterized by a highly complex and polarized mor-
phology, with extended axonal and dendritic processes. The axon
serves as the highway for communication, conveying electrical and
chemical information across large distances that can reach up to
1 meter in length in humans. How are homeostatic pathways
adapted to maintain protein and organelle quality across such
extended distances of the axon? This review will examine the
fundamental mechanisms of autophagy in maintaining axonal
homeostasis as well as implications of altered autophagy in neu-
rodegenerative disease, focusing primarily on mammalian
neurons.
2. Mechanisms of axonal autophagy

While much of the elegant work characterizing the funda-
mentals of autophagy has been performed in yeast and small less-
polarized mammalian cells, we are only at the beginning of un-
derstanding the mechanisms of autophagy in neurons. Whereas
less-polarized mammalian cells are only tens of microns wide,
neurons have axons that can reach up to 1 meter in length.
Therefore, how do degradative pathways respond to protein and
organelle damage along the length of the axon? Where are au-
tophagosomes generated in neurons? How do they mature into
compartments capable of degradation? Does autophagy require
long-range transport along the axon or is it executed within a
localized region? Surprisingly, the answers to these basic ques-
tions have long remained unclear and unaddressed. Recent work,
however, has provided key insights into several of these questions.

Preliminary evidence for autophagy in neurons emerged in the
60's and 70's, long before the molecular basis of autophagy was
established (Bunge, 1973; Dixon, 1967; Matthews and Raisman,
1972). Initial studies using electron microscopy (EM) observed an
increase in autophagosome-like organelles in the soma and axon
terminals generated by axotomy (Dixon, 1967; Matthews and
Raisman, 1972). In another study, Bunge (1973) used EM to map
the ultrastructural characteristics of each compartment of a cul-
tured sympathetic neuron from axon tip to soma. Double mem-
brane-bound autophagic structures appeared to be enriched in
growth cones, particularly within retracting regions, and were also
found along the shaft of the neurite. Many autophagic structures
were detected early in formation as they were apparently en-
gulfing cytoplasmic organelles such as dense core vesicles. Fur-
thermore, these early autophagic structures appeared to be con-
tinuous with smooth ER (SER), suggesting they were derived from
the SER present within the axon terminal. However, without la-
beling these structures for autophagosomal markers, their identity
remained unconfirmed.

Advances in our molecular understanding of autophagy (Mi-
zushima et al., 2011; Weidberg et al., 2011) have now enabled us to
track this process in real-time in live cells. Autophagy is readily
followed using a GFP-tagged LC3, LC3 being a well-characterized
marker for the autophagosome (Kabeya et al., 2000; Mizushima
et al., 2004). Recent live-cell imaging analysis has shown that
autophagosome formation in primary neurons is a constitutive
process enriched in the distal axon (Fig. 2); few autophagosomes
are generated in the mid-axon under basal conditions (Hollenbeck,
1993; Maday and Holzbaur, 2012; Maday et al., 2012; Maday and
Holzbaur, 2014). Autophagosome biogenesis is evident by the ap-
pearance of GFP-LC3-positive puncta that grow progressively into
ring structures �800 nm in diameter (Maday et al., 2012; Maday
and Holzbaur, 2014). Autophagosome formation in the distal axon
proceeds via an ordered assembly of Atg (Autophagy-related)
proteins (Mizushima et al., 2011; Weidberg et al., 2011) recruited
with stereotypical kinetics onto the endoplasmic reticulum (Ma-
day and Holzbaur, 2014). These results are consistent with early
EM reports citing autophagosome membranes being continuous
with SER (Bunge, 1973). Thus, while the fundamental core ma-
chinery required for autophagosome formation is conserved from
yeast and smaller less-polarized mammalian cells, autophagy in
neurons is distinct due to the spatial regulation of autophagosome
biogenesis along the axon.

Following formation in the distal axon, autophagosomes un-
dergo robust retrograde motility along the axon toward the soma
(Fig. 2), driven by the microtubule-based molecular motor dynein
(Cheng et al., 2015; Hollenbeck, 1993; Lee et al., 2011; Maday et al.,
2012; Maday and Holzbaur, 2014; Wang et al., 2015; Yue, 2007).
Retrogradely moving autophagosomes transport engulfed soluble
and organelle cargoes such as ubiquitin and mitochondrial frag-
ments (Maday et al., 2012). As autophagosomes travel along the
axon, they mature into degradative organelles (Lee et al., 2011;
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Fig. 2. Model for neuronal autophagy in the axon under homeostatic versus pathogenic conditions. Under homeostatic conditions, autophagosome formation is enriched in
the distal axon. Autophagosomes then undergo retrograde transport toward the soma. As autophagosomes move toward the soma, they mature into degradative auto-
lysosomes. The various roles for autophagy in axonal function are listed. Under pathogenic conditions, defects in retrograde transport likely impair maturation of lysosomes
and autophagosomes, resulting in an accumulation of dysfunctional organelles within dystrophic axons. Failed clearance of proteotoxins such as damaged mitochondria
leads to increased ROS production and axon degeneration.
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Maday et al., 2012; Wang et al., 2015). Autophagosomes along the
mid-axon are positive for the late endosome/lysosome marker
LAMP1, suggesting that exit from the distal axon is accompanied
by fusion with late endosomes/lysosomes (Maday et al., 2012).
Recent evidence suggests that the fusion event itself triggers ret-
rograde transport by recruiting dynein (Cheng et al., 2015). Ret-
rograde transport of autophagosomes is also induced by acquisi-
tion of the scaffolding proteins JIP1 and huntingtin that promote
dynein-based motility (Fu et al., 2014; Wong and Holzbaur, 2014a).

Proximal to the soma, these compartments are fully acidified
(Lee et al., 2011; Maday et al., 2012; Wang et al., 2015), consistent
with formation of autolysosomes that more effectively degrade
cargo (Fig. 2). Full acidification may involve additional fusion
events with late endosomes/lysosomes en route as they travel
through the axon, as defects in autophagosome transport impair
autophagosome maturation and cargo degradation (Fu et al., 2014;
Wong and Holzbaur, 2014a). Together, autophagosome biogenesis
and maturation is spatially and temporally regulated along the
axon, consistent with a highly compartmentalized pathway for
autophagy in neurons under basal conditions.

During acute and localized axonal stress, autophagy may be
executed locally within the axon. Focally-induced depolarization
of mitochondria along the axon recruits LC3 and neighboring ly-
sosomes for local degradation of damaged mitochondria (Ashrafi
et al., 2014). While conditions of stress may favor local degrada-
tion, autophagy under basal conditions exhibits a pronounced
retrograde flux toward the soma (Lee et al., 2011; Maday et al.,
2012; Maday and Holzbaur, 2014). Since the soma is the primary
site of protein synthesis, delivery of autophagosomes to the soma
likely facilitates the recycling of degradation products for new and
constitutive biosynthesis.

The localized mitophagy in the axon observed by Ashrafi et al.
(2014) was dependent on PINK1 and Parkin. PINK1 is a serine/
threonine kinase and Parkin is an E3 ubiquitin ligase that function
together to ubiquitinate damaged mitochondria with decreased
membrane potential and target them for degradation by autop-
hagy (Pickrell and Youle, 2015). The role of PINK1 and Parkin in
mitophagy was elegantly defined in HeLa cells (Kane et al., 2014;
Lazarou et al., 2015; Narendra et al., 2008, 2010), but their role in
neuronal mitophagy is less clear. Ashrafi et al. (2014) observed
localized recruitment of Parkin to depolarized mitochondria in the
axon. Moreover, axonal mitophagy was impaired in hippocampal
neurons isolated from Parkin or PINK1�/� rodents (Ashrafi et al.,
2014). In contrast, another report has shown that damaged mi-
tochondria traffic to the soma for envelopment by Parkin-medi-
ated mitophagy (Cai et al., 2012). Further support for the soma
being the primary site of mitophagy comes from recent work
showing that PINK1 mutant flies have enlarged mitochondria in
the soma of motor neurons, with no change in mitochondrial
density or morphology along the axon (Devireddy et al., 2015).
Another group proposes that PINK1/Parkin-mediated mitophagy
does not represent a dominant degradative pathway in neurons
due to bioenergetic characteristics of neurons (Van Laar et al.,
2011). They postulate that neurons, in contrast to HeLa cells, are
less glycolytic and derive most of their energy from mitochondrial
oxidative phosphorylation. Hence, neurons must invest heavily in
preserving functional, healthy mitochondria and excessive PINK1/
Parkin-mediated mitophagy would be highly detrimental to the
neuron unless it was offset by increased mitochondrial biogenesis
(Van Laar et al., 2011). Additional experiments will be needed to
resolve the precise conditions under which PINK1 and Parkin play
a role in mitophagy within each neuronal compartment, and fur-
ther identify potential neuron-specific mechanisms of mitochon-
drial quality control.

3. What is the function of autophagy in axons?

Key insights into the physiological function of autophagy in
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neurons (Fig. 2) come from several knockout mouse models. CNS-
specific knockout of Atg5 or Atg7 in mice results in a dramatic and
progressive degeneration of Purkinje cells in the cerebellum (Hara
et al., 2006; Komatsu et al., 2006). There is also loss of pyramidal
cells in the cerebral cortex, although to a lesser degree (Hara et al.,
2006; Komatsu et al., 2006). Animals display motor deficits by
4 weeks of age and die by 28 weeks (Komatsu et al., 2006). Thus,
constitutive and basal levels of autophagy are essential for neu-
ronal homeostasis and protect against fatal neurodegeneration.

In the absence of autophagy, ubiquitin-positive aggregates ac-
cumulate in neurons with age (Hara et al., 2006; Komatsu et al.,
2006). Interestingly, different neuronal populations respond dif-
ferently to the lack of autophagy, accumulating aggregates to a
differing degree (Hara et al., 2006; Komatsu et al., 2006). The most
vulnerable neuronal subtype, Purkinje cells, lacks aggregates,
suggesting perhaps a protective effect for these structures (Hara
et al., 2006; Komatsu et al., 2006). Why Purkinje cells are most
susceptible to the deficiency in autophagy remains unclear. In
these studies (Hara et al., 2006; Komatsu et al., 2006), the cre
recombinase was under control of the nestin promoter, which is
also expressed in glial cells. Thus, it was not possible to assess cell
autonomous effects of autophagy deficiency. In subsequent studies
(Komatsu et al., 2007; Nishiyama et al., 2007), neuron-specific
knockout animals were generated to investigate these effects
directly.

Knockout of Atg5 or Atg7 specifically in Purkinje cells in mice
results in strikingly similar phenotypes (Komatsu et al., 2007;
Nishiyama et al., 2007). The earliest pathology is swelling and
dystrophy of the axon terminal, followed by degeneration (Ko-
matsu et al., 2007; Nishiyama et al., 2007). Despite the elaborate
nature of the Purkinje cell dendritic arbor, little effect was ob-
served on dendrites and spines (Komatsu et al., 2007), suggesting
that axons may be more vulnerable to the absence of autophagy.
Ultimately, the progressive axon degeneration induced by the loss
of autophagy leads to Purkinje cell death and deficits in motor
coordination (Komatsu et al., 2007; Nishiyama et al., 2007). These
effects are cell-autonomous as the loss of Atg7 or Atg5 expression
is exclusively in Purkinje cells. Thus, autophagy is critical to
maintain homeostasis of the axon in vivo. Evidence also suggests
that autophagy plays a role in neural development and well as
axonal outgrowth (Ban et al., 2013; Fimia et al., 2007), with al-
terations in autophagy linked to neurodevelopmental disorders
(Lee et al., 2013; Tang et al., 2014), however, precise mechanisms
remain elusive.

Interestingly, both Atg5 and Atg7 Purkinje cell knockout ani-
mals displayed an accumulation of membranous structures, re-
miniscent of SER, in the axon terminal (Komatsu et al., 2007;
Nishiyama et al., 2007). In control animals, double membrane
vacuoles were present within axon terminals, some of which are
likely to be autophagosomes whereas the majority are likely de-
rived from neighboring oligodendrocytes (Komatsu et al., 2007).
These structures, however, were absent in the Atg7 knockout an-
imals (Komatsu et al., 2007). Knockout animals displayed, rather,
an accumulation of SER and cup-shaped structures potentially
representing nascent autophagosomes arrested during develop-
ment; these structures were not observed in dendrites (Komatsu
et al., 2007; Nishiyama et al., 2007). Thus, autophagy may play an
essential role in membrane turnover and recycling in the distal
axon.

In addition to maintaining axonal homeostasis, autophagy also
regulates presynaptic function (Fig. 2). Knockout of Atg7 specifi-
cally in dopaminergic neurons in mice increased the amplitude of
neurotransmitter release and presynaptic recovery (Hernandez
et al., 2012). In control tissue, induction of autophagy by mTOR-
inhibition increased the number of autophagosomes at pre-
synaptic sites, and also decreased the number of synaptic vesicles
(Hernandez et al., 2012). Thus, autophagy modulates neuro-
transmission, by potentially sequestering synaptic vesicles. In ad-
dition to its role in presynaptic function, autophagy also regulates
synapse development by promoting formation of the neuromus-
cular junction in Drosophila (Shen et al., 2015; Shen and Ganetzky,
2009).

The autophagosome journey to the soma provides a pathway
for the relay and flow of information from the distal axon to the
soma (Fig. 2). Wang et al. (2015) show that neurotoxins hitch a
ride with retrogradely moving autophagosomes. This pathway is
enhanced with presynaptic activity as neuronal depolarization
increases autophagosome formation in the axon terminal and
subsequent retrograde trafficking to the soma (Wang et al., 2015).
These findings raise several key questions as to whether autop-
hagosomes also carry signaling information to effect changes in
the soma, in addition to their immediate function as degradative
organelles.

Autophagy in the distal axon likely also plays an important role
in maintaining the integrity of the distal proteome (Fig. 2). Since
proteins and organelles in the distal axon are further from primary
sites of protein synthesis in the soma, they may be more suscep-
tible to aging and damage. In fact, mitochondria residing in the
distal axon are older than mitochondria located in the proximal
axon (Ferree et al., 2013), and accumulate more mutations in
mtDNA (Lehmann et al., 2011). Furthermore, the vast majority of
newly synthesized cytosolic proteins are generated in the soma
and travel toward the distal axon via slow axonal transport (Scott
et al., 2011). These cytosolic proteins travel slowly at �10 mm per
day and will age �120 days before arriving at the tip of a meter-
long human motor axon. Enhanced degradative or chaperone ac-
tivities in the distal axon may counteract the accumulation of aged
and damaged protein in the distal axon.
4. Autophagy in axon degeneration

Defects in autophagy have been linked to neuronal dysfunction
and degeneration (Table 1) (Kiriyama and Nochi, 2015; Ru-
binsztein et al., 2005; Yamamoto and Yue, 2014; Yang et al., 2013;
Yue et al., 2009). Mutations in WDR45 (encodes WIPI4, a compo-
nent of the core machinery that generates the autophagosome
(Mizushima et al., 2011; Weidberg et al., 2011)), are directly linked
with neurodegenerative disease in humans. Mutations in WDR45
cause autophagy defects and lead to static encephalopathy of
childhood with neurodegeneration in adulthood (SENDA), a neu-
rodegenerative disease affecting the substantia nigra (Saitsu et al.,
2013). Cell lines derived from SENDA patients display an accu-
mulation of immature autophagic structures and inefficient au-
tophagic flux (Saitsu et al., 2013). Mutations in genes that encode
PINK1 and Parkin, machinery that remove damaged mitochondria
from the cell, lead to a juvenile onset form of Parkinson's Disease
(Kitada et al., 1998; Valente et al., 2004). Mutations in genes that
encode autophagy receptors optineurin, p62, and ubiquilin-2
cause ALS (Deng et al., 2011; Fecto et al., 2011; Majcher et al., 2015;
Maruyama et al., 2010). Optineurin and p62 recruit ubiquitinated
cargoes to autophagosomes via their LC3-interacting regions (LIR),
whereas ubiquilin-2 lacks a characterized LIR and likely interacts
with LC3 indirectly (Majcher et al., 2015; Rothenberg et al., 2010).
These autophagy receptors function to target misfolded proteins
and damaged mitochondria for degradation (Bjorkoy et al., 2005;
N'Diaye et al., 2009; Pankiv et al., 2007; Rothenberg et al., 2010;
Wong and Holzbaur, 2014b). Mutations in VCP lead to ALS (John-
son et al., 2010); VCP (valosin-containing protein, also known as
p97) regulates mitophagy (Kim et al., 2013), granulophagy (Buchan
et al., 2013), and autophagosome maturation into degradative or-
ganelles (Ju et al., 2009; Tresse et al., 2010). Exome sequencing



Table 1
Examples of genes mutated in human neurodegenerative disease that encode autophagy proteins

Protein Gene with
mutation

Neurodegenerative
Disease

Protein function References

WIPI4 WDR45 SENDA Core autophagosome formation machinery Mizushima et al. (2011), Weidberg et al.
(2011) and Saitsu et al. (2013)

PINK1 PINK1 PD Serine/Threonine Kinase; Mitophagy Valente et al. (2004), Narendra et al. (2010)
and Lazarou et al. (2015)

Parkin PARK2 PD E3 Ubiquitin Ligase; Mitophagy Kitada et al. (1998), Narendra et al. (2008)
and Lazarou et al. (2015)

Optineurin OPTN ALS Autophagy/mitophagy receptor Maruyama et al. (2010), Wild et al. (2011)
and Wong and Holzbaur (2014b)

p62/SQSTM1 SQSTM1 ALS Autophagy/mitophagy receptor Bjorkoy et al. (2005), Pankiv et al. (2007) and
Fecto et al. (2011)

Ubiquilin-2 UBQLN2 ALS Autophagy receptor Rothenberg et al. (2010) and Deng et al.
(2011)

VCP/p97 VCP ALS, IBMPFD AAA(þ)-ATPase; Regulates mitophagy, granu-
lophagy, and autophagosome maturation

Ju et al. (2009), Johnson et al. (2010), Tresse
et al. (2010), Buchan et al. (2013) and Kim
et al. (2013)

TBK1 TBK1 ALS Serine/Threonine Kinase; Mitophagy Cirulli et al. (2015), Heo et al. (2015) and
Matsumoto et al. (2015)
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revealed several risk genes within the autophagic pathway in-
volved in ALS progression, including a novel ALS gene TBK1 (Cirulli
et al., 2015). TBK1 (TANK-binding kinase 1) promotes mitophagy
by enhancing the functions of optineurin and p62 through direct
phosphorylation (Heo et al., 2015; Matsumoto et al., 2015; Wild
et al., 2011). Thus, genetic evidence directly links components of
the autophagic pathway with neurodegenerative disease in
humans.

Neuronal autophagy is also altered in a variety of axonopathies
and axonal stress. Levels of autophagy are elevated in the Lurcher
mouse model for excitotoxic neurodegeneration, which has a
constitutively active glutamate receptor, leading to death of Pur-
kinje cells (Wang et al., 2006). Autophagosomes accumulate spe-
cifically in dystrophic and swollen distal axons of degenerating
Purkinje cells and subsequently appear in the soma and dendrites
but at lower frequency (Wang et al., 2006). This enrichment of
autophagosomes in dying-back distal axons in vivo (Wang et al.,
2006) is similar to earlier observations in which autophagosomes
were enriched in retracting neurites observed in vitro (Bunge,
1973).

Autophagosomes also accumulate in human neurodegenerative
diseases such as Alzheimer's disease (AD), Parkinson's disease
(PD), Huntington's disease (HD), and familial Amyotrophic Lateral
Sclerosis (fALS) that are characterized by a widespread accumu-
lation of protein aggregates and misfolded species (Rubinsztein
et al., 2005; Yamamoto and Yue, 2014; Yang et al., 2013; Yue et al.,
2009). Cortical biopsies from Alzheimer's disease patients display
elevated levels of autophagy in cortical neurons (Nixon et al.,
2005). Autophagosomes accumulate throughout the neuron, but
are enriched in dystrophic neurites, particularly within dendrites
and synaptic terminals, as compared with the soma (Nixon et al.,
2005).

The underlying basis for autophagosome accumulation in
neurodegenerative disease is unclear. While genetic inactivation of
autophagy leads to neurodegeneration, indicating a neuroprotec-
tive role for neuronal autophagy, the significance of elevated au-
tophagy on neuronal viability is unclear. Is elevated autophagy a
cause or effect of neurodegenerative disease? Since autophagic
flux is a balance between autophagosome formation and de-
gradation, an accumulation of autophagosomes could result from
either an increase in autophagosome biogenesis or a defect in
clearance. Autophagy may be elevated in response to increased
protein aggregation in effort to save the axon. Conversely, high
levels of autophagy may be destructive and toxic. Alternatively,
defects downstream in autophagy could impair efficient clearance
of proteotoxins, contributing to axonal degeneration. The fact that
many models of neurodegenerative disease have defects in retro-
grade transport (Maday et al., 2014; Millecamps and Julien, 2013)
and impaired lysosome function (Gowrishankar et al., 2015; Lee
et al., 2010; Xie et al., 2015) suggests that downstream steps in
autophagy may be blocked (Gowrishankar et al., 2015; Lee et al.,
2010, 2011; Nixon et al., 2005; Xie et al., 2015), leading to failed
degradation of protein aggregates and damaged organelles.

Neurodegenerative diseases are characterized by defective
cargo transport along the axon (Maday et al., 2014; Millecamps
and Julien, 2013). Since burgeoning evidence supports the hy-
pothesis that axonal transport may be coupled to organelle func-
tion (Fu et al., 2014; Lee et al., 2011; Maday et al., 2012; Wong and
Holzbaur, 2014a), impaired cargo motility could accumulate dys-
functional organelles along the axon. Recent reports indicate de-
creased transport of late endosomal/lysosomal cargoes along the
axon of motor neurons expressing SOD1G93A, an ALS-linked SOD1
variant (Xie et al., 2015). Consequently, proteolytic lysosomes are
less abundant in the soma and autophagosomes containing ab-
normal mitochondria accumulate along the axon in vivo in
SOD1G93A transgenic mice (animal model for fALS) (Xie et al.,
2015), similar to the autophagosome accumulation reported by
others in models of fALS (Li et al., 2008; Morimoto et al., 2007).
These events occur early in disease progression, during asympto-
matic stages of disease. Rescuing transport defects by expression
of a late endosomal adaptor for dynein partially restores the dis-
tribution of degradative lysosomes in the soma and promotes the
clearance of damaged mitochondria from the axon (Xie et al.,
2015).

Recent evidence demonstrates the accumulation of protease-
deficient lysosomes along the axon in AD mouse models (Gow-
rishankar et al., 2015). Interestingly, lysosomes accumulate in
dystrophic regions of the axon proximal to extracellular amyloid
plaques; accumulations are specific for lysosomes and devoid of
endosomes, mitochondria and the Golgi (Gowrishankar et al.,
2015). In vitro studies have shed light on the mechanisms poten-
tially underlying these phenotypes observed in AD. Pharmacolo-
gically blocking lysosomal proteolytic activity decreases autopha-
gosome and lysosome transport within the axon, resulting in au-
tophagosomes arrested within axon swellings, reminiscent of AD
phenotypes (Boland et al., 2008; Lee et al., 2011; Nixon et al.,
2005). Thus, impaired lysosomal function may contribute to dis-
ease pathogenesis in AD.

Taken together, information gained from studying neurode-
generative disease models sheds insights into the fundamental
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processes of the autophagic-lysosomal pathway in neurons. These
data support a model whereby retrograde transport is important
for the efficient maturation of lysosomes and autophagosomes
into degradative organelles (Fig. 2). As a result, a gradient of ly-
sosome function is generated along the axon, with proteolytic
activity concentrated in the soma (Gowrishankar et al., 2015; Lee
et al., 2011; Xie et al., 2015). Thus, organelles need to reach the
soma for effective degradation, suggesting a highly compartmen-
talized pathway for autophagy in neurons. Being the primary site
of protein synthesis, delivery of these organelles to the soma can
ensure effective recycling of degradation products back into es-
sential biosynthetic reactions.

Under pathogenic conditions, impaired retrograde transport
arrests immature and/or dysfunctional autophagosomes/lyso-
somes in the axon (Fig. 2). Consequently, damaged organelles and
proteins are not effectively removed from the axon. Mutations in
the dynein motor itself prevent maturation of autophagosomes
and degradation of polyQ-huntingtin aggregates (Ravikumar et al.,
2005). Furthermore, polyQ-huntingtin also directly impairs au-
tophagosome transport along the axon, resulting in undigested
mitochondrial contents within autophagosomes (Wong and
Holzbaur, 2014a). In some models of Huntington's disease, au-
tophagosomes are devoid of cargo including mitochondria (Mar-
tinez-Vicente et al., 2010). In SOD1G93A-expressing motor neurons,
defective mitochondria are engulfed within autophagosomes, but
arrested along the axon (Xie et al., 2015). Loss of autophagy in the
CNS also leads to accumulation of Parkinson's disease-linked
proteins alpha-synuclein and LRRK2 in the distal axon (Friedman
et al., 2012). Thus, a network of factors contributes to disease
pathogenesis including defects in transport, organelle function,
and cargo degradation. The accumulation of dysfunctional orga-
nelles such as mitochondria in the axon is another hallmark of
disease pathogenesis for many neurodegenerative diseases, lead-
ing to oxidative damage and apoptotic cascades, thus rendering
the axon more vulnerable to degeneration.

Interestingly, the efficiency of the autophagic-lysosomal path-
way as well as other proteostasis networks (e.g. chaperones and
proteasomes) declines with age (Cuervo, 2008; Labbadia and
Morimoto, 2014). Furthermore, autophagy genes required for au-
tophagosome formation (e.g. Atg5 and Atg7) are transcriptionally
downregulated in aging human brain (Z70 years old as compared
with r40 years old) (Lipinski et al., 2010). Thus, compromised
quality control pathways may contribute to the late age-onset that
is typical of neurodegenerative disease progression. Upon disease
progression, however, positive regulators of autophagy are tran-
scriptionally upregulated in AD brain, potentially as a mechanism
to compensate for increased protein aggregation (Lipinski et al.,
2010).
5. Outstanding questions

Autophagy was initially identified in yeast as a response to
starvation (Tsukada and Ohsumi, 1993), however, autophagy is not
upregulated in the brain during nutrient deprivation (Mizushima
et al., 2004), suggesting that the primary function of autophagy in
neurons may not be a response to starvation. To date, autophagy
serves many non-canonical roles in axonal homeostasis, growth,
and presynaptic function. Future work will further define the
primary physiological functions of autophagy in neurons during
homeostasis and its contribution to degeneration. Future studies
will elucidate precisely how autophagy is regulated and tuned to
the compartment-specific needs of the neuron to facilitate normal
neuronal function, and how these processes are altered in re-
sponse to various modalities of stress. Recent evidence implicates
autophagy proteins in learning and memory (Zhao et al., 2015), but
the mechanisms underlying these phenotypes are largely un-
known. Another key outstanding question is whether the autop-
hagic pathway is exploited to deliver critical signals from the distal
axon to the soma to perhaps relay information concerning the
integrity of the axonal compartment. Perhaps autophagosomes
merge with other retrogradely moving cargo such as signaling
endosomes (Chowdary et al., 2012; Harrington and Ginty, 2013). In
effect, are autophagosomes more than just garbage trucks? That is,
are they also critical conduits relaying important signals to the cell
soma?

While the mechanisms of autophagy in axons are being in-
vestigated in model systems in vitro, less is known about the dy-
namics of autophagy in mammalian neurons in vivo. Autophagic
flux may be lower in vivo as compared with in vitro systems
(Mizushima et al., 2004; Nixon et al., 2005). The fact that protein
half-lives in the brain are 2–5 fold longer than corresponding
proteins in the liver is consistent with slower autophagic turnover
in brain tissue (Price et al., 2010). Future work will need to explore
the mechanisms of autophagy in vivo, particularly in disease
models to discern the contribution of autophagy during axon
degeneration.

Lastly, is there a limited capacity for autophagy in the axon?
The axon has long been considered the Achilles heel of the neuron
and is particularly vulnerable to damage and injury. Few autop-
hagosomes form in the mid-axon under basal conditions (Maday
et al., 2012; Maday and Holzbaur, 2014) and autophagosomes that
are generated under pathological conditions appear to be dys-
functional (Lee et al., 2011; Xie et al., 2015). Therefore, is autop-
hagy a viable target for developing drugs to treat neurodegen-
erative diseases? Since many neurodegenerative diseases exhibit
defects in autophagosome-mediated degradation, simply increas-
ing the number of autophagosomes may not be sufficient to re-
store axon viability. Nevertheless, small molecules that upregulate
autophagy have, in fact, been shown to hold promise for the
treatment of neurodegenerative disease models (Barmada et al.,
2014). Indeed, a combinatorial approach that targets multiple
deficits in autophagosome biogenesis, transport, and maturation
may powerfully counter fatal neurodegenerative disease pheno-
types. If disease-associated defects in autophagy can be restored,
how do we specifically target disease-linked misfolded proteins
for destruction and avoid digestion of healthy proteins? Since
many neurodegenerative diseases have a slow accumulation of
protein aggregation with time, can autophagy levels be finely
tuned to compensate accordingly? Perhaps increasing autophagy
modestly (perhaps even only by 10%?) would be sufficient to
counteract protein aggregation over time without deleterious side
effects on selectively vulnerable neurons. Answers to these ques-
tions can only be achieved with a more accurate understanding of
the precise roles of autophagy in degeneration and disease pa-
thogenesis. This understanding, in turn, will likely empower the
development of urgently needed therapeutics for a number of
invariably fatal and increasingly prevalent neurodegenerative
disorders.
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