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Neurons are particularly dependent on robust quality control

pathways to maintain cellular homeostasis and functionality

throughout their extended lifetime. Failure to regulate protein

and organelle integrity is linked to devastating

neurodegenerative diseases. Autophagy is a lysosomal

degradation pathway that maintains homeostasis by recycling

damaged or aged cellular components. Autophagy has

important functions in development of the nervous system, as

well as in neuronal function and survival. In fact, defects in

autophagy underlie neurodegeneration in mice and humans.

Here, we review the compartment-specific dynamics and

functions for autophagy in neurons. Emerging evidence

suggests novel pathways for the intercellular coordination of

quality control pathways between neurons and glia to maintain

homeostasis in the brain.
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Introduction
Maintaining the quality of the proteome and organelles is

a point of vulnerability for neurons. In fact, the accumula-

tion of misfolded protein is a defining hallmark for the

progression of various neurodegenerative diseases includ-

ing amyotrophic lateral sclerosis (ALS), Huntington’s,

Parkinson’s, and Alzheimer’s diseases [1]. A significant

risk factor for all of these diseases is aging, which likely

reflects the challenges neurons face to remain functional

for so long. Neurons must perform specialized functions

responsible for sensory perception, thought, and behavior.

They communicate by firing electrical impulses at rates up

to �50 impulses per second [2], and must sustain this

activity for a lifetime of �80–90 years! As a consequence,
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neuronal proteins and organelles are vulnerable to overuse

and damage [3,4]. Being post-mitotic, neurons cannot

simply discard dysfunctional cellular components through

the process of cell division. Thus, neurons require robust

quality control mechanisms to maintain homeostasis and

support their long-term viability and functionality.

Autophagy is a lysosomal degradation pathway that main-

tains cellular homeostasis by degrading and recycling

cellular components [5–7]. In this process, autophagic

substrates (e.g. proteins and organelles targeted for

destruction) are sequestered within an autophagosome

organelle and shuttled to lysosomes for degradation

(Figure 1a). Degradation products are then exported from

lysosomes to fuel new biosynthesis. Autophagy provides a

constitutive mechanism to turnover and replenish cellular

components, as well as a response to cellular stress such as

nutrient deprivation, organelle damage, protein aggrega-

tion, and disease [8,9].

Autophagy is critical for neuronal homeostasis and survival

[10–12]. Neural-specific depletion of genes required for

autophagy is sufficient to cause axon degeneration and

neuron death in mice [13,14]. Neuron loss is associated

with an increase in ubiquitin-positive protein aggregates

[15,16], indicating the importance of autophagy in the

constitutive surveillance of proteome quality in neurons.

Further, mutations in several key autophagy proteins have

been linked to the progression of neurodegenerative dis-

ease in humans [17��,18,19], underscoring the essential role

of autophagy in protecting neuronal health. Consequently,

stimulating autophagy in neurons provides therapeutic

value and has been shown to reduce neurotoxicity in

models of ALS [20].

Here, we review the molecular basis for autophagy in each

compartment of the neuron, comparing the axon, dendrites,

and the soma. We focus on how compartment-specific

dynamics of autophagosomes may facilitate their function.

We then explore unconventional mechanisms for regulat-

ing neuronal autophagy, and the emerging contributions of

non-canonical, intercellular pathways between neurons and

glia in coordinating homeostasis in the brain.

Pathways for neuronal autophagy
Neurons have an elaborate morphology with highly

branched dendritic arbors, and an axon that can reach

up to a meter in length in humans. This complex archi-

tecture presents a logistical challenge for managing pro-

tein and organelle integrity at sites distant from the cell
Current Opinion in Neurobiology 2018, 51:29–36

mailto:smaday@pennmedicine.upenn.edu
mailto:smaday@pennmedicine.upenn.edu
https://doi.org/10.1016/j.conb.2018.02.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conb.2018.02.008&domain=pdf
http://www.sciencedirect.com/science/journal/09594388


30 Cellular neuroscience

Figure 1

(a)

(b)

Engulfment

Closure

Matu ration

Degradation

Autophagosome

Amino acids
Lipids

AxonSoma

Den
drite

s

Autolysosome

Ly
sosom

e

Current Opinion in Neurobiology

Mechanisms of neuronal autophagy. (a) Schematic of autophagy. Autophagic substrates are packaged into autophagosomes which fuse with

lysosomes to form a degradative autolysosome. (b) Pathway for autophagy in neurons. Axonal autophagosomes originate in the distal axon and

travel to the soma. Following formation, autophagosomes fuse with late endosomes in the distal axon, and mature into degradative autolysosomes

as they travel toward the proximal axon and soma where lysosomes are concentrated. Autophagosomes also form locally within the soma, and

can migrate into dendrites to facilitate post-synaptic functions.
body where biosynthetic and degradative activities are

concentrated. Insights into how autophagy is suited to

each compartment of the neuron comes from tracking the

spatiotemporal dynamics of a GFP-labeled autophago-

some marker, LC3 [21,22].
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In the axon, autophagosomes undergo a very striking

processive and primarily unidirectional motility toward

the soma (Figure 1b) [23–27]. Retrograde autophago-

somes originate predominantly in the distal end of

the axon [23,24] by recruitment of core autophagy
www.sciencedirect.com
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proteins (e.g. Atg5 and Atg13) to specific sites of the

endoplasmic reticulum [25]. While the fundamental pro-

cess of autophagosome formation utilizes core machinery

conserved from yeast, neuron-specific proteins regulate

rates of autophagosome biogenesis in pre-synaptic term-

inals [28–31]. Following formation, distal autophago-

somes fuse with late endosomes [24,26], an event which

may stimulate their journey toward the soma (Figure 1b)

[32,33]. As autophagosomes travel from the distal axon to

the soma, they mature into degradative autolysosomes

(Figure 1b) [24,26]. Upon entry into the soma, autopha-

gosomes are confined to the somatodendritic region and

prevented from re-entering the axon [34��], potentially

involving sorting mechanisms at the pre-axonal exclusion

zone [35], the axon initial segment [36], or both. This

compartmentalization likely facilitates their maturation

into autolysosomes by promoting fusion with resident

degradative lysosomes concentrated in the soma

[26,34��,37��], and may ensure efficient recycling of bio-

synthetic building blocks to primary sites of protein

synthesis.

This retrograde pathway for axonal autophagy provides a

mechanism to deliver cargo from distal sites in the axon to

the soma for degradation. Thus, the neuron has evolved

mechanisms to override the spatial challenges of coordi-

nating autophagy over the large distance of the axon.

Whether this pathway represents constitutive, non-selec-

tive turnover of cellular components, or selective degra-

dation of targeted substrates, or both, is unclear. Retro-

grade axonal autophagosomes contain cytosolic and

organelle cargoes [24] that may balance the degradation

of aging axonal components with the synthesis of new

material supplied from the soma. Distal autophagy also

likely plays a key role in quality control at the synapse, a

site where cellular components are overused and prone to

damage [3,4]. In fact, loss of autophagy impacts various

aspects of synaptic development, maintenance, and func-

tion [38��,39–42]. Further, synaptic activity induces autop-

hagy in pre-synaptic compartments [29,30,43], and pre-

synaptic autophagy may in turn regulate neurotransmis-

sion by controlling synaptic vesicle number [31,42].

Recent work has shown that the axon may have unique

and specialized machinery that functions in the selective

autophagy of ubiquitinated substrates, which are impor-

tant for axon guidance during development of the nervous

system [44��]. Further, loss of autophagy has been linked

to defects in axonal outgrowth [38��,45,46]. Together,

these findings point toward a putative role for autophagy

in the migrating growth cone essential for establishing

proper connectivity of the brain.

Retrograde pathways for axonal autophagy may also per-

form non-canonical functions in the delivery of neurotro-

phin-mediated signaling information from the distal axon

to the soma [47]. In contrast, autophagy can also be
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executed locally within the axon in response to induced

organelle damage [48]. Future work will need to clarify the

spatiotemporal pathways for axonal autophagy in consti-

tutive surveillance versus responses elicited during stress.

In the soma, autophagosomes are sourced from the axon, as

well as generated locally [34��]. Autophagosome biogenesis

in dendrites is limited under basal conditions of growth in
vitro [25]. In response to enhanced synaptic activity, how-

ever, autophagosome density in dendrites increases either

by local biogenesis or recruitment from the soma [49].

Unlike the vectorial movements exhibited by autophago-

somes in the axon, autophagosomes in dendrites undergo

bidirectional motility, or oscillate within a confined region

along the dendritic shaft [25]. These fundamental differ-

ences in autophagosome motility likely reflect compart-

ment-specific distinctions  in microtubule orientation, that

is, uniform polarity in axons and mixed polarity in dendrites

[50,51]. Further, these differences in autophagosome motil-

ity may enable key functions uniquely tailored to the

demands of each neurite compartment. In contrast to

pre-synaptic autophagy, less is known about the function

of autophagy in post-synaptic compartments. Post-synaptic

autophagy may function in developmentally regulated

pruning of spines; defects in this process are associated

with autism-like disorders [41]. Autophagy also modulates

synaptic plasticity through the degradation of post-synaptic

AMPA receptors [49], and has recently been shown to

impact learning and memory in mice [52,53�].

Taken together, autophagy performs diverse and com-

partment-specific functions in neurons. These functions

may depend on neuron age and can be specific to neuron-

type [38��]. Thus, the function of autophagy in neurons

may evolve to meet the demands of a developing and

maturing nervous system. Additionally, the complexity of

autophagic activity in the brain may be further revealed

during conditions of stress. In fact, different regions of the

brain regulate autophagy uniquely in response to nutrient

deprivation [53�]. Furthermore, distinct roles for autop-

hagy have been reported during the onset versus progres-

sion of neurodegenerative disease [40].

Regulation of neuronal autophagy by
neighboring glia?
How is autophagy regulated in the brain where neurons

are surrounded by glia? Glia represent an overwhelming

�90% of the cells in the brain, and are key regulators of

neuronal homeostasis and function. Glia influence many

aspects of neuronal development, metabolism, synaptic

function, and repair after injury. During conditions of

stress, glia may provide ‘care packages’ in the form of

exosomes to neurons containing mRNA and translation

machinery [54–56]. Further, alterations in neuron–glia

communication are a significant contributing factor to

the progression of neurodegeneration [57–59,60�]. Thus,

do glia impact neuronal autophagy (Figure 2)?
Current Opinion in Neurobiology 2018, 51:29–36



32 Cellular neuroscience

Figure 2

Neuron

Glia
Astrocytes
Mic roglia

Oligodendrocytes
Schwann cells

Intercellular  regulation of
Quality  Cont rol pat hways? 
•  Autophagy?
•  Proteasome?
•  Chape rones?

Trans fer of  cellular garbage
•  Memb ran e-encapsula ted garbage:
  Exophers
  Exosomes
  Autophagosomes? 
•  Direct trans fer of damaged p roteins
   and o rganelles? 

Current Opinion in Neurobiology

Coordination of quality control pathways between neurons and glia that may facilitate neuronal function and survival. Glia may impact various

branches of the endogenous quality control machinery in neurons. Additionally, unconventional pathways may shuttle cellular garbage from

neurons to glia.
Surprisingly, the role of neuron–glia interactions in regu-

lating autophagy in the brain is a nascent line of investi-

gation. Preliminary evidence supports the possibility of

non-cell autonomous regulation of autophagy by astro-

cytes. Conditioned media generated by astrocytes

derived from ALS patient iPSCs decreases autophagy

in HEK293T cells [61]. While patient iPSC-derived

astrocyte conditioned media is toxic to iPSC-derived

motor neurons, direct effects on neuronal autophagy need

to be examined [61]. Non-cell autonomous regulation of

neuronal autophagy by glia has been examined in models

studying HIV-associated dementia [62]. Conditioned

media extracted from microglia infected with simian

immunodeficiency virus (SIV) decreases autophagic
Current Opinion in Neurobiology 2018, 51:29–36 
activity in primary cortical neurons [62]. SIV-infected

microglial supernatant also decreases neuronal survival,

and activation of neuronal autophagy abrogates this neu-

rotoxicity [62]. Future experiments will need to examine

the effects of glial-conditioned media on neuronal autop-

hagy in the absence of SIV infection. In other studies,

astrocyte-specific expression of a redox-sensitive tran-

scription factor, Nrf2, decreases neurotoxicity in a mouse

model of Parkinson’s disease expressing mutant a-synu-
clein A53T specifically within neurons [63]. The mecha-

nisms underlying this neuroprotective effect may involve

glial-mediated restoration of autophagic flux in neurons to

promote a-synuclein A53T degradation [63]. Together,

these findings raise the possibility for the intercellular
www.sciencedirect.com
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coordination of autophagy between neurons and glia,

which may be important for regulating homeostasis in

the brain.

Intercellular transfer of cellular trash from
neurons to glia
Emerging evidence supports the existence of novel,

unconventional pathways for shuttling cellular garbage

from neurons to glia (Figure 2). Axons of retinal ganglion

cells of wild-type mice extrude mitochondria to adjacent

astrocytes for degradation mediated by lysosomes resi-

dent in the recipient glial cell [64�]. Recent evidence from

C. elegans demonstrates that neurons extrude protein

aggregates and organelles in membrane-bound vesicles

called exophers that are subsequently phagocytosed by

other cell types [65��]. Exopher production increases

when autophagy, the proteasome, or chaperone system

is inhibited [65��]. Additionally, compromising mitochon-

drial health stimulates exopher release [65��], suggesting

that this pathway provides a mechanism to eliminate

damaged organelles from the neuron, particularly when

the endogenous quality control machinery is compro-

mised. Thus, neighboring cells, such as glia, may supple-

ment neuronal degradation systems under normal condi-

tions and this intercellular transfer of material may be

enhanced in response to neurotoxic stress. Further, this

pathway may not only transfer cellular trash, but also

signaling information, to notify surrounding glia on the

status of neuronal health. Given that many neurodegen-

erative diseases propagate through a prion-like cell-to-cell

transfer of disease-associated proteins [1,66], an outstand-

ing question is how do these intercellular pathways

become altered or hijacked to facilitate disease

progression?

Why do neurons transfer damaged cellular material to

surrounding cells? Do neurons have a more limited

capacity for quality control pathways and degradative

activity as compared with glia? This possibility may

explain why neurons are more susceptible to protein

aggregation associated with neurodegenerative disease.

In fact, Tydlacka et al., have shown that glia exhibit

higher levels of proteasomal activity as compared with

neurons of the same age, and are able to more effectively

clear huntingtin aggregates associated with Huntington’s

disease [67]. Future work will need to quantitatively

compare other aspects of the proteastasis machinery

between neurons and glia.

Future directions
We are only at the inception of our understanding of

autophagy in neurons, and how neuron–glia interactions

may coordinate autophagy in the context of the brain.

Thus, many outstanding questions remain to fuel new

avenues of research. First, how is autophagy regulated in

glia? Similar to neurons, many glial populations also need

to survive for an entire lifetime [68]. Thus, how is
www.sciencedirect.com 
autophagy in glia adapted to accommodate this extended

existence? Additionally, what is the role of autophagy in

glia, and how does glial autophagy impact neuronal health

and function? Initial studies have shown that autophagy

in astrocytes may be important for astrocytic differentia-

tion in the developing mouse cortex [69]. Other studies

have shown that autophagy in Schwann cells, the mye-

linating glia of the peripheral nervous system, is impor-

tant for degrading myelinating membranes after axonal

injury [70,71]. Autophagy in microglia, the phagocytic

macrophages of the central nervous system, may play an

important role in the degradation of extracellular Ab in

Alzheimer’s disease [72–74]. Lastly, microglial-specific

loss of autophagy impairs developmental-based spine

pruning, and results in autism-like behaviors in mice,

linking glial autophagy with regulating proper connectiv-

ity of the developing brain [75]. Thus, the efficiency of

glial autophagy may have profound implications on neu-

ronal health, function, and response to stress. To examine

this more completely, mouse models with glial-specific

loss of autophagy in each glial population (e.g. astrocytes,

oligodendrocytes, Schwann cells) will be necessary to

fully elucidate how glial autophagy impacts neuronal

development and survival.

A deeper understanding of the interplay between neurons

and glia in the coordination of autophagy in health and

disease is of crucial importance. A provocative hypothesis

is whether autophagosomes are transferred from neurons

to glia. Autophagosomes have been shown to be secreted

from non-neuronal cells [76,77], raising the possibility

that autophagosomes may shuttle trash, signaling infor-

mation, or both between neural cells in the brain. Under-

standing these intercellular pathways for coordinating

autophagy may provide a new avenue for therapeutic

intervention to mitigate neurodegeneration.
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