
Compartment-Specific Dynamics and Functions
of Autophagy in Neurons

Vineet Vinay Kulkarni, Sandra Maday

Department of Neuroscience, Perelman School of Medicine at the University of Pennsylvania,
Philadelphia, Pennsylvania 19104

Received 6 September 2017; revised 13 November 2017; accepted 16 November 2017

ABSTRACT: Autophagy is a lysosomal degradation

pathway that is critical to maintaining neuronal homeo-

stasis and viability. Autophagy sequesters damaged and

aged cellular components from the intracellular environ-

ment, and shuttles these diverse macromolecules to lyso-

somes for destruction. This active surveillance of the

quality of the cytoplasm and organelles is essential in

neurons to sustain their long-term functionality and via-

bility. Indeed, defective autophagy is linked to neurode-

velopmental abnormalities and neurodegeneration in

mammals. Here, we review the mechanisms of autophagy

in neurons and functional roles for autophagy in neuro-

nal homeostasis. We focus on the compartment-specific

dynamics of autophagy in neurons, and how autophagy

might perform non-canonical functions critical for neu-

rons. We suggest the existence of multiple populations of

autophagosomes with compartment-specific functions

important for neural activity and function. VC 2017 Wiley

Periodicals, Inc. Develop Neurobiol 78: 298–310, 2018

Keywords: autophagy; neurons; axonal transport;

neurodegeneration; homeostasis

INTRODUCTION: THE CHALLENGES
OF BEING A NEURON

Autophagy is an evolutionarily conserved catabolic

process that maintains cellular homeostasis by degrad-

ing and recycling proteins and organelles (Mizushima

et al., 2011; Weidberg et al., 2011; Feng et al., 2014;

Ariosa and Klionsky, 2016). In this process, cellular

components targeted for destruction are engulfed and

packaged within an organelle termed an autophago-

some (Fig. 1). Autophagosomes transport enveloped

cargo toward proteolytically active lysosomes, and

fusion between these organelles results in degradation

of autophagosome contents (Fig. 1). The amino acids

and lipids generated through the process of degrada-

tion can then be recycled to fuel new biosynthetic

reactions. Thus, autophagy provides a mechanism to

constitutively regulate protein and organelle integrity,

thereby balancing the synthesis of new cellular com-

ponents with the degradation of old. Further, levels of

autophagy are dynamically modulated in response to

various modalities of stress including nutrient depriva-

tion, protein aggregation, and disease (Yang and

Klionsky, 2010; Schneider and Cuervo, 2014).

Neurons are particularly dependent on autophagy to

maintain cellular homeostasis (Yamamoto and Yue,

2014; Ariosa and Klionsky, 2016; Maday, 2016).

Being post-mitotic, neurons are simply unable to dilute

out dysfunctional proteins and organelles via cell divi-

sion. Further, neurons need to live for the lifetime of

the individual, which in the case of humans is �90

years or longer! Most neurons in the brain are gener-

ated during embryogenesis, and unlike other cell types

that are replaced frequently (e.g., intestinal epithelial

cells are replaced every 2–3 days, red blood cells every

4 months, and hepatocytes every 5 months), neurons
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are typically the age of the individual (Spalding et al.,

2005). As a consequence, neuronal proteins and organ-

elles are exceptionally vulnerable to overuse and dam-

age. Thus, neurons require robust quality control

pathways to sustain functionality over this extended

lifetime (Cajigas et al., 2010; Wang et al., 2017).

Neurons also face unique spatial challenges due to

their extreme morphology and polarized architecture.

The soma, central headquarters of the neuron, is con-

sidered the main site of protein synthesis and degra-

dation, and can be located up to meters away from

sites of action for many neuronal proteins and organ-

elles. The axon is another specialized compartment

that communicates information across large distances

reaching up to meters in length, posing a logistical

challenge of how homeostatic pathways such as

autophagy are adapted to regulate protein and organ-

elle quality across this extended landscape.

Here, we will briefly review the roles for autophagy

in neuronal development, homeostasis, and survival.

Although several lines of evidence support the essen-

tial role of autophagy in maintaining neuronal health

and functionality, the mechanisms and regulation driv-

ing autophagy in neurons are only beginning to

emerge. Burgeoning evidence has demonstrated that

neurons have evolved mechanisms to regulate autoph-

agy in compartment-specific manners to facilitate

neuron-specific functions. We will review in detail the

mechanisms of autophagy in each compartment of

the neuron, which enable the development and func-

tionality of a mature nervous system. Uncovering the

diverse roles for autophagy in the neuron will provide

insights into how autophagy can be modulated for

therapeutic purposes to treat disorders characterized

by neuronal dysfunction and degeneration.

AUTOPHAGY IS ESSENTIAL FOR
NEURONAL SURVIVAL

Autophagy plays a critical role in regulating neuronal

homeostasis and viability (Hara et al., 2006; Komatsu

et al., 2006, 2007; Nishiyama et al., 2007; Liang

et al., 2010). Evidence supporting this role stems

from various mouse models deficient for key genes in

the autophagy pathway. Genetic inactivation of Atg5

or Atg7, core proteins required for autophagosome

formation (Mizushima et al., 2011; Weidberg et al.,

2011; Feng et al., 2014), in the nervous system is suf-

ficient to cause axon swelling and neuron death in

mice (Hara et al., 2006; Komatsu et al., 2006). Neu-

ronal loss is observed in pyramidal cells in the cere-

bral cortex and hippocampus, and most prominently

in the Purkinje cell layer of the cerebellum (Hara

et al., 2006; Komatsu et al., 2006). Loss of autophagy

is also associated with a progressive increase in

ubiquitin-positive aggregates specifically within neu-

rons and not within surrounding glia (Hara et al.,

2006; Komatsu et al., 2006), indicating the impor-

tance of autophagy in the constitutive surveillance of

proteome quality. Interestingly, different regions of

the brain exhibit a differential response to the loss of

autophagy, indicating neuron-specific vulnerabilities

to autophagy deficiency. While Purkinje cells appear

most vulnerable to autophagy deficiency, they do not

present aggregate pathology (Hara et al., 2006), sug-

gesting that autophagy may play different roles in

different neuronal subtypes. Autophagy-deficient ani-

mals display progressive deficits in motor function

(Hara et al., 2006; Komatsu et al., 2006) and lethality

at 28 weeks (Komatsu et al., 2006). Similarly, neural-

specific deletion of FIP200, a protein required for the

Figure 1 Diagram of the progression of autophagy. Car-

goes are sequestered within double-membraned autophago-

somes which then fuse with lysosomes for degradation.

Autophagic cargoes, as well as the inner membrane of the

autophagosome, are degraded by resident lysosomal hydro-

lases. Degradation products (e.g., amino acids and lipids)

can be re-used for new biosynthetic reactions.
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initiation of autophagosome formation (Hara et al.,

2008; Feng et al., 2014), also results in Purkinje cell

degeneration and death, cerebellar ataxia, and animal

lethality (Liang et al., 2010). Thus, a basal level of

autophagy is critical to maintain neuronal homeosta-

sis and protect against neurodegeneration.

In these mouse models, however, knockout of

Atg5 or Atg7 was effective in neural progenitor cells,

including neuron and glial cell precursors. Therefore,

non-cell autonomous contributions from glia cannot

be excluded. As a result, neuron-specific knockout

mice were generated to assess cell autonomous effects

of autophagy loss. Genetic inactivation of Atg5 or

Atg7 specifically in Purkinje cells results in similar

phenotypes of progressive axon degeneration followed

by neuron death in mice (Komatsu et al., 2007; Nish-

iyama et al., 2007). Animals also display a progressive

decline in motor coordination (Komatsu et al., 2007;

Nishiyama et al., 2007). Taken together, these neuron-

specific models demonstrate that autophagy is an

essential and constitutively active process in neurons

that plays a critical role in neuroprotection.

Recent work has demonstrated that loss of neuro-

nal function is the primary cause of neonatal lethality

in mice with a global deficiency in autophagy (Yoshii

et al., 2016). Although Atg5-null mice die within 1

day of birth (Kuma et al., 2004), restoration of

autophagy specifically within the brain is sufficient to

rescue neonatal lethality, extending lifetime into

adulthood (Yoshii et al., 2016). Thus, loss of autoph-

agy causes a decline in neuronal function leading to

neonatal lethality. Neuronal dysfunction appears to

manifest as a suckling defect, rendering neonates

incapable of surviving the initial starvation period

after birth (Kuma et al., 2004; Yoshii et al., 2016).

Alterations in autophagy are associated with

neurodegeneration in humans (Yamamoto and Yue,

2014; Maday, 2016; Menzies et al., 2017; Ramesh

and Pandey, 2017). Recently, a mutation in the core

autophagy protein Atg5 was identified to cause child-

hood ataxia, a movement disorder associated with

degeneration of Purkinje cells in the cerebellum

(Kim et al., 2016). This mutation decreases autopha-

gic flux, directly linking defective autophagy with

human disease (Kim et al., 2016). Genetic evidence

also links mutations in autophagy receptors and

regulatory proteins with human neurodegenerative

disease (Frake et al., 2015; Maday, 2016), although

whether autophagic defects arise early in autophago-

some biogenesis or later in autophagosome clearance

is under investigation.

Autophagosomes accumulate in vulnerable neu-

rons in various neurodegenerative diseases ranging

from Amyotrophic Lateral Sclerosis, Alzheimer’s,

Parkinson’s, and Huntington’s Diseases (Nixon et al.,

2005; Son et al., 2012; Yamamoto and Yue, 2014;

Maday, 2016; Menzies et al., 2017), but the underly-

ing cause for this apparent increase is unclear. Auto-

phagosomes accumulate if the balance between

autophagosome formation and degradation is dis-

rupted. For example, autophagy may be upregulated

during neurodegeneration in effort to clear away the

excess of misfolded protein that is prevalent in many

of these diseases. Alternatively, defects downstream

in autophagic clearance would prevent the turnover

of autophagosomes and result in a buildup of auto-

phagosome organelles. Emerging evidence provides

support for the latter hypothesis. Defects in axonal

transport (Millecamps and Julien, 2013; Maday et al.,

2014) combined with inefficient lysosome function

(Gowrishankar et al., 2015; Lee et al., 2010, 2011;

Xie et al., 2015) have been observed in models of

neurodegeneration, which may render the autophagic

pathway ineffective at clearing away “cellular trash”,

contributing to neuronal death.

AUTOPHAGY IN DEVELOPMENT OF THE
NERVOUS SYSTEM

In addition to protecting the viability of mature neu-

rons, autophagy may also play an important role in

the development of the nervous system (Fimia et al.,

2007; Tang et al., 2014; Dragich et al., 2016; Stavoe

et al., 2016). Autophagy has been implicated early in

neurodevelopment during formation of the neural

tube (Fimia et al., 2007). Mice deficient for

AMBRA1, a regulator of autophagy enriched in the

neuroepithelium, have defects in closure of the neural

tube, associated with an imbalance between cell pro-

liferation and apoptosis of the neuroepithelium

(Fimia et al., 2007).

Autophagy may regulate the development of axon

tracts in the central nervous system (CNS) (Dragich

et al., 2016). In mice with a systemic deficiency for

Alfy, a CNS-enriched adaptor for selective autophagy

(Filimonenko et al., 2010), interhemispheric axon

tracts such as the corpus callosum, anterior commis-

sure, and hippocampal commissure do not develop

normally and fail to cross the midline (Dragich et al.,

2016). Some axonal projections in the CNS follow

unusual trajectories, suggesting a defect in axon guid-

ance (Dragich et al., 2016). In fact, while Alfy-

deficient neurons retain the ability to extend axons in

vitro, they fail to grow in response to Netrin-1-based

guidance cues (Dragich et al., 2016). Since these

animals are specifically deficient in the degradation

of ubiquitinated substrates, and not bulk autophagy,
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selective forms of autophagy may play a key role in

axon guidance and establishing connectivity in the

developing brain.

Recently, other autophagy genes have been impli-

cated in axon outgrowth during brain development

(Kannan et al., 2017; Yamaguchi et al., 2017).

Mice with loss of function of both copies of WDR47,

a modulator of autophagy, or a single copy of

Atg16L1, a core autophagy protein, display abnor-

malities in the corpus callosum (Kannan et al., 2017).

Neural-specific depletion of Atg9, a core autophagy

protein that directs membrane to the growing auto-

phagosome (Mizushima et al., 2011; Weidberg et al.,

2011; Feng et al., 2014), also results in abnormal

development of axon tracts including the corpus cal-

losum and anterior commissure (Yamaguchi et al.,

2017). Curiously, while Atg9-deficient neurons show

defects in neurite outgrowth in vitro, Atg7-deficient

neurons do not exhibit defects in neurite outgrowth,

(Yamaguchi et al., 2017), raising the possibility of

autophagy-independent roles for autophagy genes,

such as Atg9, during brain development. In some

conditions, autophagy may function as a negative

regulator of axon outgrowth with reduced autophagy

levels resulting in increased axon length (Ban et al.,

2013; Stavoe et al., 2016). Although the precise

mechanisms underlying the contributions of autoph-

agy in axonal growth and guidance are unknown,

autophagy in the leading edge of the axon may facili-

tate membrane recycling or turnover of signaling

information in the migrating growth cone.

Autophagy may also play a critical role in the devel-

opment of synapses (Shen and Ganetzky, 2009; Stavoe

et al., 2016; Rudnick et al., 2017). The autophagy

pathway is required for assembly of presynaptic

compartments in Caenorhabditis elegans by regulating

synaptic vesicle clustering (Stavoe et al., 2016).

Autophagy may also promote formation of the presyn-

aptic axon terminal at the neuromuscular junction

(Shen and Ganetzky, 2009; Rudnick et al., 2017), and

inhibition of autophagy results in alterations in neuro-

transmission (Rudnick et al., 2017). Taken together,

these observations indicate that autophagy may impact

synaptogenesis via regulation of synaptic structure and

function.

Last, autophagy may function later in neurodevel-

opment and mediate the elimination of excess den-

dritic spines (Tang et al., 2014). Tang et al. (2014)

demonstrated that deficits in spine pruning exhibited

in mouse models of autism with hyperactive mTOR,

are attributed to low levels of autophagy. Mice with

selective loss of autophagy in pyramidal neurons

exhibit an increase in dendritic spines in the cortex

and social deficits akin to autism-like behaviors.

Taken together, autophagy is implicated in various

stages of neurodevelopment to ensure the stereotyped

connectivity of the CNS, and alterations in autophagy

may be associated with neurodevelopmental disorders.

In total, the loss of autophagy manifests differently

depending on the gene targeted and neuron-type

examined. Loss of core autophagy proteins can

result in neurodevelopmental defects (e.g., Atg9 and

Atg16L1), while others (e.g., Atg5, Atg7, FIP200)

display a neurodegenerative phenotype. Since neural-

specific loss of Atg5 and Atg7 protein expression is

significantly reduced by embryonic Day 15.5 (Hara

et al., 2006; Komatsu et al., 2006), developmental

defects may still contribute to the degeneration

observed postnatally in these mouse models. In other

words, these neurons may have reduced longevities

as a result of not being established properly in the

first place. Roles for autophagy, independent of

neurodevelopment, could be examined directly with a

conditional knockout of autophagy in adult neurons.

The diversity of phenotypes generated by the

reduction of core autophagy and modulatory proteins

may be further confounded by the possibility that per-

turbing autophagy proteins may have pleiotropic

effects. Indeed, autophagy proteins may “moonlight”

as key players in other cellular processes. The fact

that mouse models deficient for Atg9, FIP200, Alfy,

and AMBRA1 die at an earlier developmental stage

than neural-specific loss of Atg5 or Atg7 hints at this

possibility. Future studies are necessary to define

additional functions for these autophagy-related

proteins.

Further, loss of the same gene can yield different

phenotypes depending on the type of neuron exam-

ined. In the case of C. elegans, Atg9 loss-of-function

mutants exhibit synaptogenesis defects in a popula-

tion of interneurons, and axonal growth defects in a

population of sensory neurons (Stavoe et al., 2016).

In summary, the role of autophagy may evolve with

time and depend on neuron-specific demands.

For the remainder of the review, we will focus on

the compartment-specific mechanisms and regulation

of autophagy that contribute to neuronal homeostasis

and function. Although our knowledge of what is

contained within neuronal autophagosomes is lim-

ited, several identified cargoes have illuminated pos-

sible functions for autophagy in the neuron. Further,

deciphering the signals that regulate autophagy levels

in neurons has provided key insights into neuron-

specific functions for autophagy. We will discuss

roles for autophagy at the synapse, and explore

emerging, non-canonical roles for autophagosomes

as conduits for neurotrophin signaling across the

axon.
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COMPARTMENT-SPECIFIC DYNAMICS
OF AUTOPHAGOSOMES IN NEURONS

Given the extreme spatial challenges facing neurons,

how is autophagy coordinated in each compartment of

the neuron, that is, the axon, dendrites, and the soma?

Further, how are the dynamics of autophagy in neurons

uniquely suited to facilitate compartment-specific

demands and functions? For example, the axon is depen-

dent on supply from the soma, but how is protein and

organelle quality managed far away from sites of synthe-

sis and degradation that are concentrated in the soma?

Insights into the features of autophagosome motility in

neurons have emerged from live-cell imaging studies of

GFP-LC3, the canonical marker for the autophagosome

(Kabeya et al., 2000; Mizushima et al., 2004).

Under basal conditions of growth, autophagosomes

in the axon are preferentially generated in the distal

end of the axon (Fig. 2A) (Hollenbeck, 1993; Maday

et al., 2012; Maday and Holzbaur, 2014). GFP-LC3-

positive autophagosomes initially appear as punctate

structures that progressively increase in size, reaching

up to 800 nm in diameter (Maday et al., 2012; Maday

and Holzbaur, 2014). Autophagy core proteins Atg13

and Atg5 are recruited, in an ordered fashion, to

subdomains of the endoplasmic reticulum (ER), indi-

cating that autophagosomes are generated from ER

membranes present within the distal axon (Maday

and Holzbaur, 2014).

Following formation, autophagosomes then undergo

robust retrograde transport toward the soma (Fig. 2B)

(Hollenbeck, 1993; Maday et al., 2012; Maday and

Holzbaur, 2014; Lee et al., 2011; Yue, 2007). This

movement requires the microtubule-based motor,

dynein, and is correlated with a transition in maturation

state (Lee et al., 2011; Maday et al., 2012). Newly

formed autophagosomes in the distal axon are initially

LAMP1-negative, but acquire markers of late endo-

somes/lysosomes as they journey toward the soma (Lee

et al., 2011; Maday et al., 2012). Thus, nascent autopha-

gosomes fuse with late endosomes and/or lysosomes

upon exit from the distal axon, and this initial advance

in maturation may trigger retrograde transport to the

soma (Fu et al., 2014; Cheng et al., 2015). Proximal to

the cell body, autophagosomes have fully acidified and

matured into degradative autolysosomes (Lee et al.,

2011; Maday et al., 2012). Therefore, at steady state,

axonal autophagy is a vectorial pathway that requires

long-distance transport to deliver cargo from the distal

axon to the soma. This distal autophagy may function

to maintain axonal homeostasis and regulate the quality

of the neuronal proteome at sites far removed from the

soma.

The soma, however, contains multiple populations

of autophagosomes at different maturation states,

including input received from the axon combined

with locally generated autophagosomes (Fig. 2C)

(Maday and Holzbaur, 2016). Evidence for autopha-

gosome biogenesis in dendrites has been limited

under basal conditions, but dendritic autophagosomes

are elevated under conditions of enhanced synaptic

activity (Shehata et al., 2012), either by increased

local biogenesis or the recruitment of pre-existing

autophagosomes to sites of synaptic function. Once

in the soma, autophagosomes are confined within the

somatodendritic domain, unable to enter into the

axon (Maday and Holzbaur, 2016). Autophagosomes

freely travel into dendrites where they exhibit either

stationary or bidirectional motility (Maday and Holz-

baur, 2014, 2016), likely due to the mixed polarity of

the underlying microtubule cytoskeleton (Baas et al.,

1988; Kleele et al., 2014). The majority of autopha-

gosomes that enter into dendrites, however, return to

the soma (Maday and Holzbaur, 2016). In effect, this

restriction to the somatodendritic compartment likely

facilitates cargo degradation by promoting fusion

with proteolytically active lysosomes that are

enriched in this region of the neuron (Fig. 2C) (Lee

et al., 2011; Gowrishankar et al., 2015). Concentrat-

ing degradative activity in the soma may in turn facil-

itate efficient recycling of biosynthetic building

blocks to primary sites of protein synthesis. In sum,

autophagosomes exhibit compartment-specific

dynamics within the neuron that may facilitate auto-

phagosome function.

DEGRADATION OF AUTOPHAGIC
CARGO

Lysosomes with high proteolytic activity are concen-
trated in the cell body (Lee et al., 2011; Gowrishan-
kar et al., 2015), making the soma enriched for
degradative activity (Fig. 2C). Inhibition of lysosome
function results in an accumulation of autophago-
somes specifically within the soma, and not in the
axon or dendrites (Maday and Holzbaur, 2016).
Therefore, the final destination for autophagosome
clearance in the neuron is predominantly the cell
body, and autophagosomes originating in the distal
axon travel the entire distance of the axon to deliver
their cargo to the soma for degradation.

Although the contents of autophagosomes are

largely unknown, retrograde axonal autophagosomes

contain engulfed cytosolic as well as organelle car-

goes (Maday et al., 2012). A small percentage

(�10%) of autophagosomes contains fragments of

mitochondria (Maday et al., 2012). A key question is
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whether this retrograde axonal pathway for autoph-

agy represents constitutive or selective autophagy, or

both? Constitutive or basal autophagy recycles the

cytoplasm and its constituents, in a non-selective and

continuous manner, to balance synthesis with

degradation. Selective autophagy is induced by

stress, such as organelle damage, and specific sub-

strates are removed through recognition by adaptors

linking cargo to the autophagic machinery (Stolz

et al., 2014; Xu et al., 2015; Zaffagnini and Martens,

2016). Recent work has suggested that selective

autophagy may be compartmentalized within the neu-

ron (Cai et al., 2012; Sung et al., 2016; Dragich et al.,

2016; Ashrafi et al., 2014).

Selective removal of damaged mitochondria by

autophagy (mitophagy), has been extensively studied

Figure 2 Overview of compartment-specific autophagy in neurons. Key characteristics of auto-

phagosome dynamics and function in the pre-synaptic terminal (A), mid-axon (B), soma (C), and

dendrites (D). Blue arrows denote directionality of autophagosome movement.
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in HeLa cells (Narendra et al., 2008, 2010), and
involves the serine/threonine kinase PINK1 and E3

ubiquitin ligase Parkin. The contributions of PINK1
and Parkin to mitophagy in neurons, however, are

less clear (Martinez-Vicente, 2017). Although under
basal conditions, few autophagosomes are generated

in the mid-axon, acute and focally-induced mitochon-
drial damage can activate autophagy locally within

the mid-axon of primary hippocampal neurons (Ash-
rafi et al., 2014). This axonal mitophagy requires

recruitment of PINK1 and Parkin (Ashrafi et al.,
2014). In contrast, globally induced mitochondrial

damage stimulates retrograde transport of mitochon-
dria for autophagic engulfment within the soma (Cai

et al., 2012). Last, recent reports have shown that
mitophagy is rare in motor neurons in Drosophila,

and Parkin functions exclusively in the soma to regu-
late mitochondrial quality control by balancing mito-

chondrial fission and fusion (Sung et al., 2016).
Future work will be important to resolve the compart-

ment selectivity to mitophagy and whether the type
of mitochondrial damage or insult affects these

dynamics.

Ubiquitinated protein aggregates are targeted

for autophagic degradation by the adaptor Alfy

(Filimonenko et al., 2010). Alfy is enriched in the axon

(Dragich et al., 2016), suggesting that the axon may

have its own machinery for executing selective

autophagy. This finding also suggests the existence of

compartment-specific populations of autophagosomes

that are essential for proper axonal guidance and

development.

In addition to intra-neuronal autophagy, garbage

can be shuttled to neighboring glia for degradation.

Mitochondria can be extruded from retinal ganglion

cell axons and internalized and degraded by neigh-

boring astrocytes (Davis et al., 2014). Adult neurons

in C. elegans discard cellular garbage through the

secretion of vesicles, called exophers, containing pro-

tein aggregates and organelles (Melentijevic et al.,

2017). Production of exophers increases when endog-

enous quality control pathways, including autophagy,

are compromised (Melentijevic et al., 2017). Taken

together, these findings indicate that neurons have

alternative mechanisms for eliminating cellular gar-

bage, involving non-canonical intercellular pathways

for degradation.

NEURON-SPECIFIC FUNCTIONS FOR
AUTOPHAGY AT THE SYNAPSE

Neuronal synapses are sites of high demand for cellu-

lar degradation pathways (Cajigas et al., 2010; Wang

et al., 2017). Neurons fire action potentials at rates of

up to �50 impulses per second (LeDoux and Lorden,

2002; Bean, 2007; Hausser et al., 2004; Harris and

Attwell, 2012 ), rendering synaptic proteins and

organelles susceptible to being overworked and dam-

aged. Further, synapses are dynamic, being remod-

eled in response to developmental and sensory cues

to refine connections and circuits in the brain (Hering

and Sheng, 2001; Nimchinsky et al., 2002). There-

fore, synapses require efficient degradation systems

to maintain integrity of the local proteome and sus-

tain function (Cajigas et al., 2010; Maday, 2016;

Vijayan and Verstreken, 2017; Wang et al., 2017). In

fact, synaptic activity regulates levels of autophagy

in neurons (Shehata et al., 2012; Wang et al., 2015;

Soukup et al., 2016). In turn, autophagy impacts syn-

aptic function with emerging roles at both pre- and

post-synaptic domains (Shen et al., 2015; Vijayan

and Verstreken, 2017). A significant role for autoph-

agy at synapses may help explain why Purkinje cells

are the most vulnerable to the loss of autophagy

because they have the highest basal firing rates in the

brain (LeDoux and Lorden, 2002; Harris and Attwell,

2012).

Neuronal stimulation induces autophagosome bio-

genesis in pre-synaptic regions (Wang et al., 2015,

Soukup et al., 2016, Vanhauwaert et al., 2017).

Although formation of these autophagosomes utilizes

core machinery conserved from yeast (Maday and

Holzbaur, 2014), several neural-specific regulatory

factors modulate rates of autophagosome biogenesis

at the synapse (Murdoch et al., 2016; Soukup et al.,

2016; Vanhauwaert et al., 2017; Okerlund et al.,

2017). Endophillin A, an endocytic adaptor enriched

at the pre-synaptic terminal, promotes autophagy by

generating highly curved membranes, which serve as

a platform to recruit core autophagy proteins that

form autophagosomes (Soukup et al., 2016; Murdoch

et al., 2016). Synaptojanin 1, a lipid phosphatase

important for synaptic vesicle trafficking, may also

be required for autophagosome biogenesis at presyn-

aptic terminals (Vanhauwaert et al., 2017). Bassoon,

a scaffolding protein localized to the presynaptic

nerve terminal, inhibits presynaptic autophagy by

sequestering the core autophagy protein Atg5, mak-

ing it unavailable for autophagosome biogenesis

(Okerlund et al., 2017). How these opposing regula-

tory mechanisms are coordinated to control presynap-

tic autophagy levels is unknown. In addition, how

synaptic activity is sensed by the aforementioned

mechanisms and how calcium influx may be involved

remains uncertain.

Although the precise function of autophagy in the

presynaptic domain is largely unknown, identification

of engulfed cargoes has provided key insights into
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this process. Interestingly, pre-synaptic autophago-

somes appear to engulf structures resembling synap-

tic vesicles (Fig. 2A) (Hernandez et al., 2012;

Okerlund et al., 2017). Pharmacological activation of

autophagy reduces the number of synaptic vesicles at

axon terminals and loss of autophagy specifically

within dopaminergic neurons increases evoked dopa-

mine release in mice (Hernandez et al., 2012). Thus,

pre-synaptic autophagy negatively regulates neuro-

transmission by controlling the size of the synaptic

vesicle pool and neurotransmitter release (Hernandez

et al., 2012). Autophagy could impact neurotransmis-

sion either by sequestering vesicles containing neuro-

transmitter, or by regulating the pool of empty

vesicles available for neurotransmitter loading.

Synaptic activity also regulates autophagy in the

post-synaptic domain (Shehata et al., 2012). Synaptic

stimulation in the presence of Bafilomycin A1, to

inhibit lysosome-mediated degradation, results in a

moderate but significant increase in GFP-LC3-

positive puncta within the dendritic shaft, above

levels observed in cells treated with Bafilomycin A1-

alone, suggesting an activity-dependent induction of

autophagosome formation or recruitment (Shehata

et al., 2012). Post-synaptic autophagy plays a role in

synaptic plasticity, activity-dependent changes in

synaptic strength (Shehata et al., 2012). Persistent

increases in synaptic strength, long-term potentiation

(LTP), or weakening of synaptic strength, long-term

depression (LTD), require structural and functional

changes at the synapse (Vitureira and Goda, 2013).

In LTP, persistent activation of NMDA receptors

leads to an increase in AMPA receptor insertion into

the post-synaptic membrane (Vitureira and Goda,

2013). Conversely, in LTD, moderate activation of

NMDA receptors results in downregulation of

AMPA receptors in the post-synaptic membrane

(Vitureira and Goda, 2013). Autophagy plays a role

in LTD by mediating the trafficking and elimination

of AMPA receptors (Fig. 2D). Low-dose activation

of NMDA receptors with NMDA, to model chemical-

LTD, activates autophagy-dependent degradation of

AMPA receptors (Shehata et al., 2012). Similarly,

lysosomes are recruited to synapses in an activity-

dependent manner, internalize AMPA receptors, and

regulate synaptic activity and density (Goo et al.,

2017). Thus, autophagy plays a role in the plasticity,

or changes in strength, of a particular synapse, which

are foundational principles underlying learning and

memory (Nicholls et al., 2008; Luscher and Malenka,

2012; Takeuchi et al., 2014).

Further supporting a role for autophagy in synaptic

plasticity, brain-derived neurotrophic factor (BDNF)

suppresses autophagy in hippocampal neurons, and

this BDNF-induced decrease in autophagy facilitates

LTP and the persistence of memories in mice (Nikole-

topoulou et al., 2017). Since these autophagosomes

contained PICK1, PSD-95, and SHANK3, autophagy

may regulate synaptic plasticity in this model by

degrading postsynaptic scaffolds (Nikoletopoulou

et al., 2017). Lastly, CNS-specific deletion of WDR45,

a gene that encodes a protein involved in autophago-

some formation, is linked to deficits in learning and

memory in mice (Zhao et al., 2015).

As a product of the degradation process, autophagy

generates biosynthetic building blocks that fuel the

synthesis of new proteins. It is well known that local

translation within dendrites is an essential process for

synaptic function and plasticity (Rangaraju et al.,

2017). Thus, it is possible that recruitment of auto-

phagosomes to synapses promotes synaptic formation

and function via new protein synthesis, a way of
creation by destruction. Consistent with this idea, the

proteasome is recruited to synapses in an activity-

dependent manner (Bingol and Schuman, 2006), and

fuels the formation of new spine outgrowth (Hamil-

ton et al., 2012). Under certain conditions, autophagy

may function in a similar capacity. Therefore,

autophagy may have dual functions at the synapse;

destroying “unwanted” synapses, and sustaining and

creating “wanted” synapses.

NON-CANONICAL ROLES FOR
AUTOPHAGOSOMES AS VEHICLES FOR
NEUROTROPHIN-MEDIATED
SIGNALING?

Are autophagosomes more than just garbage trucks?

Axonal autophagosomes exhibit a striking motility

pattern by traveling the length of the axon from tip

to soma, making these organelles uniquely suited

to deliver specific signals to the soma. This pre-

dominantly unidirectional, retrograde transport is mir-

rored by one other organelle, the signaling endosome

(Cui et al., 2007; Maday et al., 2014). Signaling endo-

somes regulate neuronal survival by delivering target-

derived neurotrophin-mediated signaling information

from the distal axon to the soma to effect changes in

gene expression (Chowdary et al., 2012; Harrington

and Ginty, 2013). The precise nature of these carriers

is unclear, but evidence supports an early endosomal

lineage (positive for EEA1 and Rab5) (Delcroix et al.,

2003; Deinhardt et al., 2006; Cui et al., 2007), and

they may mature to Rab7-positive compartments

(Sandow et al., 2000; Deinhardt et al., 2006), raising

the possibility that signaling endosomes and autopha-

gosomes may merge. In fact, a population of axonal
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autophagosomes are positive for the BDNF receptor,

TrkB (Fig. 2A) (Kononenko et al., 2017), and addition

of BDNF stimulates retrograde motility of organelles

co-positive for LC3 and TrkB (Kononenko et al.,

2017). In contrast, BDNF has also been shown to

decrease autophagy levels in cortical and hippocampal

neurons (Nikoletopoulou et al., 2017; Wu et al., 2017).

In the brain, this suppression of autophagy is important

for BDNF-induced synaptic plasticity (Nikoletopoulou

et al., 2017), although the underlying mechanisms

remain to be investigated.

For transported signals to be sustained to effect

changes in transcription, carrier autophagosomes would

need to avoid destruction by the lysosome. Thus, multi-

ple populations of autophagosomes may exist within

the neuron, including a subset that may not fully mature

to degradative autolysosomes, but rather function as a

vehicle for transmitting signaling information. Mecha-

nistically, these “signaling autophagosomes” could

potentially avoid their canonical lysosomal fate by

being selectively deficient in the SNARE protein Syn-

taxin 17 (Itakura et al., 2012), which is an essential

component of the membrane fusion machinery required

for the fusion of autophagosomes with lysosomes.

Alternatively, these autophagosomes may associate

with Coronin-1, an effector protein that prevents signal-

ing endosome fusion with lysosomes (Suo et al., 2014).

Collectively, these findings begin to suggest a new par-

adigm for non-canonical functions of autophagosomes

distinct from their canonical role in degradative

pathways.

OUTSTANDING QUESTIONS

Autophagy plays a critical role in maintaining neuro-

nal homeostasis and viability. Autophagosomes

exhibit compartment-specific dynamics that may facil-

itate their range of functions (Fig. 2). In addition to its

role in degradative processes, non-canonical roles for

autophagy as signaling organelles are also emerging,

although this is a nascent field of investigation. Emerg-

ing evidence also supports roles for autophagy in regu-

lating neuronal function by impacting synaptic

transmission and plasticity. These functions for

autophagy may manifest in different neuronal subtypes

and at different developmental stages. Accordingly,

the primary role for autophagy in neurons may evolve

over time to meet the needs of the cell. Evidence also

indicates that different brain regions modulate autoph-

agy differentially in response to stress such as nutrient

deprivation (Nikoletopoulou et al., 2017). Further,

functions for autophagy shift within a neuron popula-

tion during the progression of neurodegenerative

disease (Rudnick et al., 2017). Perhaps, these regional

and temporal differences in autophagy may contribute

to the neuron-specific vulnerabilities observed in neu-

rodegenerative disease.

Future work to define the cargo packaged within

autophagosomes will be critical to further our under-

standing of the diverse roles of autophagy in neuronal

function. Moreover, how the balance shifts between

selective versus non-selective autophagy in stress and

disease will empower insights into the mechanisms

underlying disease pathogenesis. Since modulation of

autophagy has therapeutic value (Barmada et al.,

2014), harnessing selective forms of autophagy might

enable us to clear deleterious cargo associated

with neurodegenerative disease, while simulta-

neously preserving healthy proteins.

How is autophagy coordinated in the brain

between neurons and glia? Do glia supplement the

neuronal capacity for degradation? And is this inter-

section of glia and neurons a point of vulnerability in

neurodegenerative disease? Glia are key regulators of

neuronal homeostasis and alterations in neuron-glia

communication are linked to the progression of neu-

rodegenerative disease (Boillee et al., 2006, Lee

et al., 2012). In fact, astrocytes generated from ALS

patient iPSCs decrease autophagy levels in other cell

types (Madill et al., 2017), raising the possibility that

quality control pathways can be regulated in a non-

cell autonomous fashion, and contribute to disease

progression. Additionally, microglia in the brain also

have extended lifespans with �50% of the population

surviving an entire mouse lifetime (Fuger et al.,

2017). Therefore, how are quality control pathways

in glia adapted to sustain functionality over an

extended lifetime? A comprehensive understanding

of the mechanisms and regulation of homeostatic

pathways in the brain will be critical to determining

how alterations in these processes contribute to neu-

ronal dysfunction and disease.

We thank James Shorter, Aditi Kulkarni, Jessica Chen,

and Amy Ghiretti for helpful feedback on the article.
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