
INTRODUCTION

Autophagy is a tightly regulated cellular degradation path-
way by which defective or superfluous cytosolic proteins, or-
ganelles, and other cellular constituents are sequestered in 
autophagosomes and delivered to lysosomes for degradation 
and recycling (Xie and Klionsky, 2007). Autophagy can be in-
duced under stress conditions, such as nutrient starvation, hy-
poxia, and accumulation of toxic proteins or damaged organ-
elles to maintain cellular homeostasis by providing nutrients to 
the cell (Williams et al., 2006; Maiuri et al., 2007; Mazure and 
Pouyssegur, 2010). In addition, autophagy is required for cell 
survival by removing toxic proteins or damaged organelles.

Autophagy is regulated by mammalian target of rapamycin 
(mTOR) signaling, which is a canonical regulator of starvation-
induced autophagy. The other major mediators of autophagy 
are autophagy-related genes (ATGs) and microtubule-associ-
ated protein 1 light chain protein 3 (LC3), which are necessary 
for autophagosome formation (Gabryel et al., 2012; Bar-Yosef 
et al., 2019). During autophagy, autophagosomes are formed, 
which fuse with lysosomes. Double-membrane bound vesicles 
(autophagosomes) are initially formed and elongate enough 
by nucleation of the phagophore (a precursor of autophago-

some) and acquisition of lipids to engulf and seal all compo-
nents that will be digested (Bailly, 2013; Bernard and Klionsky, 
2013). ATG proteins and LC3 are recruited to autophago-
somal membranes to form autophagosomes. In addition, p62/
sequestosome 1, an adaptor protein complex that transports 
polyubiquitinated protein aggregates for degradation, is local-
ized to autophagosomes by the LC3-interacting region (Lim et 
al., 2011). Therefore, ATG proteins, LC3, and p62 are markers 
of autophagosomes (Suzuki et al., 2007). Autophagosomes 
can be fused with lysosomes to form autophagolysosomes. 
Autophagosomes or lysosomes are transported along micro-
tubules using dynein for fusion (Cheng et al., 2015). In addi-
tion, fusion is mediated by soluble N-ethylmaleimide-sensitive 
factor attachment protein receptors, Rab proteins, and ade-
nosine triphosphatase, which are required for autophagosome 
maturation (Eskelinen, 2005; Furuta et al., 2010). Lysosomes 
contain acid hydrolases, such as proteases, nucleases, and li-
pases; which break down the engulfed proteins into individual 
amino acids. Autophagolysosomes are required to degrade 
and clear misfolded proteins and damaged organelles, and 
the breakdown products of the digested materials are reused 
by cells (Bailly, 2013). This process is essential for cell survival 
and adaptation to starvation in most mammalian cells (Nikole-
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Autophagy is an important degradative pathway that eliminates misfolded proteins and damaged organelles from cells. Autophagy 
is crucial for neuronal homeostasis and function. A lack of or deficiency in autophagy leads to the accumulation of protein ag-
gregates, which are associated with several neurodegenerative diseases. Compared with non-neuronal cells, neurons exhibit 
rapid autophagic flux because damaged organelles or protein aggregates cannot be diluted in post-mitotic cells; because of this, 
these cells exhibit characteristic features of autophagy, such as compartment-specific autophagy, which depends on polarized 
structures and rapid autophagy flux. In addition, neurons exhibit compartment-specific autophagy, which depends on polarized 
structures. Neuronal autophagy may have additional physiological roles other than amino acid recycling. In this review, we focus 
on the characteristics and regulatory factors of neuronal autophagy. We also describe intracellular selective autophagy in neurons 
and its association with neurodegenerative diseases. 
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topoulou et al., 2015).
Classical autophagy is classified as macroautophagy, mi-

croautophagy, and chaperone-mediated autophagy. Further-
more, organelle-selective autophagy has also been reported, 
such as autophagy of the endoplasmic reticulum (ER, ER-
phagy), mitochondria (mitophagy), peroxisomes (peroxipha-
gy), and ribosomes (ribophagy) (Saito and Sadoshima, 2015; 
Ktistakis and Tooze, 2016). 

In neurons, autophagy is involved in neuronal development, 
aging, survival, and death (Azarnia Tehran et al., 2018; Kulkar-
ni et al., 2018; Liang and Sigrist, 2018; Wallings et al., 2019). 
As neurons are long-living post-mitotic cells, they are prone to 
accumulating misfolded proteins or damaged organelles that 
are typically diluted through cell division in proliferating cells. 
In addition, rapid turnover of synaptic proteins in response to 
repetitive electrical stimuli leads to the accumulation of dam-
age in neurons. Thus, controlling protein quality by autophagy 
is critical for neuronal function. Neuron-specific loss of autoph-
agy induces progressive neuronal dysfunction and accumula-
tion of abnormal proteins, leading to neurodegeneration (Hara 
et al., 2006), and loss of autophagy regulatory genes results 
in abnormal behavior of mice (Tang et al., 2014). These stud-
ies indicate that autophagy is important for neuronal function. 
In this review, we summarize the characteristics of neuronal 
autophagy, and discuss the characteristics triggering factors 
of neuronal autophagy. We also discuss intracellular selective 
autophagy in neurons and its implications in neuronal physiol-
ogy and diseases.

ROLE OF AUTOPHAGY IN NEURONAL 
PATHOPHYSIOLOGY

Neurons have highly polarized structures that include ax-
ons, dendrites, and synapses, and autophagy has been ob-
served to occur in all compartments of neurons. In most cells, 
autophagy occurs at a low basal level. However, this process 
has been shown to have different features in neurons com-
pared to non-neuronal cells (Mitra et al., 2009), such as con-
stitutively active autophagy in neurons under basal conditions 
(Mizushima et al., 2004). Autophagy is required for neuronal 
development, neuronal homeostasis, and survival (Ban et 
al., 2013). Additionally, autophagy plays an important role in 
neuronal physiology, including axonal homeostasis, dendrite 
spine formation, and synapse formation. Loss of autophagy 
in neurons causes defects in cargo-specific axonal transport, 
which lead to axon swelling and axonal dystrophy (Komatsu 
et al., 2006; Lee et al., 2011) as well as over-formation of den-
dritic spine density due to deficits in synaptic pruning (Tang 
et al., 2014). Autophagosome biogenesis is observed near 
synapses (Stavoe et al., 2016), and autophagy is required 
for synapse development and neuronal plasticity (Shen and 
Ganetzky, 2009; Wang et al., 2019). Rapamycin-induced mac-
roautophagy rapidly inhibits neurotransmitter release in dopa-
minergic neurons (Hernandez et al., 2012), and autophagy 
regulates presynaptic neurotransmission by controlling axonal 
ER calcium release in hippocampal neurons (Kuijpers et al., 
2020). Furthermore, autophagy is involved in memory encod-
ing, information processing, and cognitive function (Vijayan 
and Verstreken, 2017). These findings indicate that autophagy 
plays an essential role in neuronal function.

Impaired autophagy is associated with various neurode-

velopmental disorders and neurodegenerative diseases (Lee 
et al., 2013). Patients with autism spectrum disorder exhibit 
impaired autophagy during neural development and malfor-
mation of neuronal structures resulting from an abnormal 
mTOR pathway, which is a negative regulator of autophagy 
(Tang et al., 2014; Winden et al., 2018). Fragile X syndrome, 
a genetic cause of autism spectrum disorder, is caused by 
mutation in the fragile X mental retardation 1 (FMR1) gene, 
which encodes for fragile X mental retardation protein (Lee 
et al., 2013). In Fmr1-KO mice, a model of human fragile X 
syndrome, reduced autophagy leads to hyperactivation of the 
mTOR pathway in hippocampal neurons, whereas activation 
of autophagy rescues synaptic and cognitive deficits in these 
mice (Sharma et al., 2010; Yan et al., 2018). Vici syndrome, 
a rare autosomal recessive neurodevelopmental disorder 
caused by mutations in the ectopic P-granules autophagy pro-
tein 5 (epg-5) gene that encodes an autophagy regulator is 
associated with impaired clearance of autophagosomes be-
cause of limited autophagosome-lysosome fusion (Hori et al., 
2017). Furthermore, defective autophagy has been observed 
in several neurodegenerative diseases such as Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease, amyo-
trophic lateral sclerosis, and Lafora disease (an atypical au-
tosomal recessive neurodegenerative disorder) (Son et al., 
2012; Zatyka et al., 2020). Atg proteins promote autophago-
some formation, and the loss of these proteins in the mouse 
brain causes behavioral deficits, neurodegeneration, and 
neuronal death (Hara et al., 2006; Komatsu et al., 2006). 
Abnormal accumulation of misfolded proteins and defective 
organelles is a hallmark characteristic of neurodegenerative 
disorders. Thus, inducing autophagy by inhibiting the mTOR 
pathway represents a potential therapeutic strategy for treat-
ing neurodegenerative diseases (Metcalf et al., 2012). 

Although autophagy is required to maintain neuronal func-
tion, it is not required under certain conditions. Excessive 
autophagy exacerbates brain injury in neonatal hypoxia-
ischemia, whereas blocking autophagy attenuates brain in-
jury (Carloni et al., 2010). Thus, inhibition of autophagy is a 
potential therapeutic strategy for perinatal asphyxia (Corti et 
al., 2020). Compared with the adult brain, the immature brain 
undergoes massive remodeling including neural cell prolifera-
tion and the formation and elimination of bulk synapses. In 
addition, the expression patterns of autophagy proteins differ 
between in immature and adult brains (Loeffler, 2019). Indeed, 
immature brains exhibit higher expression of autophagosome 
markers, including LC3 and beclin-1, and increased activity of 
lysosomes (Zhu et al., 2005; Shibata et al., 2006; Carmona-
Gutierrez et al., 2016). Taken together, these studies indicate 
that homeostatic maintenance of autophagy balance is crucial 
to neuronal function; therefore, understanding neuronal au-
tophagy and its precise regulation is important for developing 
novel strategies to treat several brain disorders. 

CHARACTERISTICS OF NEURONAL AUTOPHAGY 

Compartment-specific autophagy processes
Biogenesis and transport of autophagosomes at pre-

synaptic terminals: Neurons are highly polarized cells with 
distinct structures for intracellular communication. Compart-
ment-specific autophagosomes, including somatodendritic 
and axonal autophagosomes, have been observed in these 
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cells (Maday and Holzbaur, 2016). This compartment-specific 
regulation of autophagy is required to maintain synaptic integ-
rity and neuronal function (Wang et al., 2015a). Autophago-
somes are constitutively formed at the distal end of the axon 
and are less frequently observed in the soma or dendrites 
(Maday and Holzbaur, 2014). Autophagosomes are transport-
ed from the axon terminal to the soma, where they undergo 
maturation by fusing with late endosomes or degradative ly-
sosomes (Fig. 1A) (Maday and Holzbaur, 2016; Farfel-Becker 
et al., 2019). Dynein, a specific cargo protein, facilitates ret-
rograde transport of autophagosomes (Cheng et al., 2015). 
Once inside the soma, autophagosomes can freely diffuse 
between the soma and dendrite, whereas they cannot re-en-
ter the axon. Autophagosomes can bind to the specific mo-
tor protein kinesin (Farias et al., 2015), or region-specific filter 
mechanisms at the axon initial segment (Song et al., 2009) 
may contribute to restricting autophagosomes in the soma, 
although the exact mechanism is unclear. 

Maturation and degradation of autophagolysomes in 
neurons: Lysosomes are synthesized in the nucleus and trans-
ported anterogradely along the axon with the help of dynein 
(Farfel-Becker et al., 2019). Lysosomes fuse with autophago-
somes at the axon terminal, and the autophagolysosomes are 
retrogradely transported and subsequently degraded within the 
soma (Kulkarni and Maday, 2018; Hill and Colon-Ramos, 2020), 
which is a structure enriched in degradative lysosomes and 

proteases (Fig. 1A) (Padamsey et al., 2017; Yap et al., 2018). 
Autophagosomes accumulate only in the soma, but not in the 
axons or dendrites following treatment with bafilomycin A1 (Ma-
day and Holzbaur, 2016), a molecule that blocks acidification 
of lysosomes by inhibiting vacuolar-type adenosine triphospha-
tase activity (Yoshimori et al., 1991). Therefore, the soma is the 
primary site of degradation in neurons, and this high degrada-
tive capacity may be important for amino acid recycling.

Recent studies showed that degradative lysosomes are 
present at the axon terminal with distinct motility compared 
with non-degradative lysosomes, and their anterograde traf-
ficking is associated with autophagy stress (Farfel-Becker et 
al., 2019). Additionally, activity-dependent recruitment of lyso-
somes to dendritic spines regulates synaptic plasticity (Goo 
et al., 2017). Altogether, these studies indicate that neurons 
exhibit compartment-specific autophagy regulation; however, 
their role in neurons remains to be investigated. 

Rapid autophagy flux in neurons
Autophagy flux is a measure of autophagic degradation. 

Atg proteins mediate autophagosome formation by converting 
LC3 into the active form (LC3-II) and promoting conjugation 
of inactive LC3 (LC3-I) to phosphatidylethanolamine (Kabeya 
et al., 2000). As lipid conjugation of LC3 is increased during 
autophagosome elongation, LC3-II is a representative marker 
protein for tracking autophagy initiation. Although Atg proteins 

Fig. 1. Characteristics and of neuronal autophagy. (A) Compartment-specific autophagy in neurons. Biogenesis of autophagosome at pre-
synaptic terminals, maturation of autophagosome by retrograde transport along the axon, and degradation of autophagosome in soma. (B) 
Regulatory factors of autophagy in neurons. Starvation, neuronal activity, BDNF, and ischemia regulates autophagy in neurons. 
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are highly expressed in neurons, and autophagosomes are 
constitutively generated, biochemical and structural studies 
have shown that LC3-II expression is lower in neurons than in 
non-neuronal cells, and autophagosomes are rare in healthy 
neurons (Nixon et al., 2005; Shehata et al., 2012). Starvation 
and some chemicals that can enhance LC3-II levels in non-
neuronal cells have been shown to marginally increase LC3-II 
levels in neurons (Benito-Cuesta et al., 2017). This indicates 
that autophagy flux and clearance of autophagosomes by fu-
sion with lysosomes are rapid in neurons (Boland et al., 2008; 
Ariosa and Klionsky, 2016). 

TRIGGERING FACTORS OF NEURONAL 
AUTOPHAGY

Starvation 
Starvation and starvation-related pathways are known to 

induce autophagy through the mTOR pathway, both in non-
neuronal and neuronal cells (Fig. 1B). Nutrient deficit and 
short-term fasting induce autophagosome formation and re-
duce mTOR activity in neurons both in vitro and in vivo (Young 
et al., 2009; Alirezaei et al., 2010). In addition, rapamycin 
and other mTOR inhibitors induce autophagosome formation 
to promote synaptic growth and axon elongation (Shen and 
Ganetzky, 2009; Hernandez et al., 2012; Ban et al., 2013), as 
well as regulate local autophagosome formation and presyn-
aptic neurotransmission in dopaminergic neurons (Hernandez 
et al., 2012). Interestingly, other studies showed that starvation 
or mTOR pathway suppression failed to induce autophagy in 
neurons (Mizushima et al., 2004; Fox et al., 2010; Tsvetkov et 
al., 2010). Rather, constitutive formation of autophagosomes 
is observed in distal axons, even without starvation (Maday 
and Holzbaur, 2016). Short-term nutrient deficit suppresses 
mTOR activity, whereas long-term starvation activates mTOR 
activity (Zhu et al., 2019); therefore, the duration of starva-
tion may differentially regulate autophagy in neurons. In ad-
dition, alternative mechanisms of autophagy regulation may 
be utilized in neurons, and there may be differences in the 
physiological roles of autophagy in neurons, such as regula-
tion of neuronal development, maintenance of structural com-
ponents, and neuronal homeostasis (Tang et al., 2014; Yama-
moto and Yue, 2014; Wang et al., 2015a). 

Neuronal activity
Although the precise mechanism is not clearly understood, 

neuronal and electrical activities have been implicated in sev-
eral steps of autophagy (Vijayan and Verstreken, 2017). It has 
been shown that N-methyl-D-aspartic acid (NMDA), a gluta-
mate agonist, or potassium chloride (KCl)-induced depolariza-
tion promotes autophagosome formation in cerebellar gran-
ules and hippocampal neurons (Fig. 1B) (Katsumata et al., 
2010; Shehata et al., 2012; Wang et al., 2015b). KCl-induced 
autophagosome formation is suppressed by DL-2-amino-
5-phosphonovaleric acid (AP5), an NMDA receptor (NMDAR) 
blocker (Shehata et al., 2012). Moreover, neuronal activity 
regulates autophagosome and lysosomal trafficking as well 
as lysosome-mediated degradation. Retrograde transport of 
autophagosomes is enhanced by KCl-induced depolarization 
or presynaptic activity (Wang et al., 2015b). Furthermore, ap-
plication of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) and glycine, which activate the NMDAR, recruits 

lysosomes to dendritic spines in cultured hippocampal neu-
rons, and activation of a single spine with 4-methoxy-7-nitro-
indolinyl-glutamate uncaging recruits lysosomes to dendritic 
spines in hippocampal organotypic cultures (Goo et al., 2017). 
This activity-dependent trafficking of lysosomes was blocked 
by AP5 treatment. NMDA activation and neuronal activity in-
duce autophagy, which promotes AMPA receptor (AMPAR) 
internalization and lysosome-mediated degradation, leading 
to a reduced number of AMPARs at synapses (Schwarz et al., 
2010; Shehata et al., 2012). Overall, neuronal activity contrib-
utes to autophagosome formation, trafficking, and lysosome-
mediated degradation in the local region. However, further 
studies are required to reveal the mechanistic link between 
neuronal activity and autophagy and the physiological role of 
autophagy in neuronal homeostasis.

Brain-derived neurotrophic factor (BDNF)
Brain-derived neurotrophic factor (BDNF), a member of 

the mammalian neurotrophin family, has been suggested as 
a promising candidate for treating several brain disorders and 
cognitive dysfunction. BDNF signaling promotes neuronal sur-
vival and prevents neurodegeneration and is initiated by the 
binding of BDNF to its receptor, tropomyosin receptor kinase 
B (TrkB) (Reichardt, 2006). BDNF signaling was shown to sup-
press autophagy by regulating the phosphatidylinositol 3-ki-
nase/protein kinase B (Akt) pathway in the mouse forebrain. 
BDNF-induced suppression of autophagy promotes synaptic 
remodeling and memory enhancement (Fig. 1B) (Nikoletopou-
lou et al., 2017). In addition, BDNF-mediated suppression of 
autophagic flux promotes neuronal cell survival (Smith et al., 
2014). BDNF induces the phosphorylation of mTOR and Akt 
proteins, which in turn promotes dendritic protein synthesis 
(Briz et al., 2013). Interestingly, to promote neuronal survival 
and prevent neurodegeneration, BDNF/TrkB complexes are 
internalized and BDNF/TrkB-containing autophagosomes are 
trafficked retrogradely (Ginty and Segal, 2002; Philippidou et 
al., 2011). Reduced retrograde transport of the BDNF/TrkB 
complex in mice leads to decreased BDNF levels, neuronal 
complexity, and neurodegeneration (Kononenko et al., 2017). 
These studies indicate that a reciprocal relationship exists be-
tween BDNF and autophagy in neurons. Further studies are 
needed to clarify the mechanistic link between BDNF and au-
tophagy and its pathophysiological role in the brain. 

Hypoxia-ischemia (H-I)
Previous studies reported that hypoxia and ischemia induce 

autophagy in the brain (Fig. 1B). Ischemia induces neuronal 
autophagy by increasing the levels of reactive oxygen species 
and intracellular Ca2+ and decreasing the levels of intracellular 
ATP, amino acids, and insulin (Gabryel et al., 2012). Hypoxia 
and ischemia enhance the formation of autophagosomes and 
lysosomes in neonatal and adult animal models, leading to 
neuronal death (Adhami et al., 2006; Rami et al., 2008; Puyal 
et al., 2009). Knockdown of Atg5 or Atg7, the core proteins of 
autophagy, prevents ischemia-induced neuronal death (Koike 
et al., 2008; Grishchuk et al., 2011). Similarly, lysosomal in-
hibitors reduce ischemia-induced neuronal injury (Wen et al., 
2008). This suggests that autophagy plays a detrimental role in 
ischemia-induced neuronal death. Although the precise role of 
autophagy in ischemia-induced brain damage is controversial, 
a protective role for autophagy in brain ischemia has been re-
ported. Rapamycin, an autophagy inducer, enhances LC3 and 
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beclin-1 expression and reduces H-I-induced neuronal death 
and injury to the hippocampus and cerebral cortex through 
the Akt/cyclic adenosine monophosphate-response element 
binding protein signaling pathway (Carloni et al., 2008, 2010). 
Considering the conflicting reports on the role of autophagy 
in ischemia-induced brain damage in different animal models 
(Sheng and Qin, 2015) and regional differences in ischemia-
induced autophagic neuronal death (Ginet et al., 2009; Puyal 
et al., 2009), the exact role of neuronal autophagy in ischemia-
induced brain damage should be further investigated. 

SELECTIVE AUTOPHAGY IN NEURONS

Vesiculophagy in neurons
Precise elimination of synapses in the adult brain is mediat-

ed by microglial cells or astrocytes (Chung and Barres, 2012; 
Stephan et al., 2012). Within neurons, ubiquitin-mediated pro-
teasomal degradation contributes to eliminating synapses or 
synaptic proteins at both presynaptic and postsynaptic sites 
(Lee et al., 2004; Jiang et al., 2010). Autophagy also regulates 
the clustering of synaptic vesicles, and clearance of synap-
tic vesicle proteins has been termed as “vesiculophagy” (Fig. 
2A) (Binotti et al., 2015). Various biological molecules regu-
late protein proteostasis at the presynaptic terminal via ve-
siculophagy. At presynaptic terminals, light-activated reactive 
oxygen species generators rapidly induce autophagy to clear 
damaged synaptic vesicle proteins, thus maintaining synaptic 

function (Hoffmann et al., 2019). A novel role for presynap-
tic proteins that regulate autophagy at presynaptic terminals 
has been reported. Synaptojanin-1 and its binding partner en-
dophilin A, which are enriched at presynaptic terminals, facili-
tate membrane remodeling during synaptic vesicle recycling 
(Watanabe et al., 2018) and promote presynaptic autophagy 
(Soukup et al., 2016; Vanhauwaert et al., 2017). Moreover, 
loss of bassoon, a presynaptic active zone protein that regu-
lates synaptic autophagy by interacting with Atg5, is crucial for 
the formation of autophagosomes and decreases the synap-
tic vesicle pools and synaptic vesicle proteins by promoting 
presynaptic autophagy (Okerlund et al., 2017; Hoffmann-Con-
away et al., 2020). Recent studies showed that Rab26, a mem-
ber of the Rab-guanine triphosphatase superfamily, regulates 
synaptic vesicle clustering by recruiting the autophagosome 
proteins Atg16L1, LC3B, and Rab33B (Binotti et al., 2015). 
Pleckstrin homology containing family member 5 (Plekhg5) is 
required for Rab26 activity, and Plekhg5-deficient mice exhibit 
impaired synaptic vesicle autophagy to cause accumulation of 
synaptic vesicle proteins and late-onset motor neuron disease 
(Luningschror et al., 2017). These studies suggest a role for 
vesiculophagy in regulating presynaptic proteins or synaptic 
vesicles. Additional studies suggested that autophagosome-
related proteins contribute to synaptic transmission by regulat-
ing synaptic vesicle pools and proteins. 

Mitophagy in neurons
Selective autophagy is responsible for the degradation of 

Fig. 2. Subcellular selective autophagy in neurons. (A) Vesiculophagy, degradation of synaptic vesicles by autophagy at presynaptic termi-
nal in neurons. Synaptojanin-1 and Eedophilin A complex and ATG5 induce presynaptic autophagy. (B) Mitophagy in neurons. PINK1 and 
Parkin regulate mitophagy by initiating autophagosome formation around the damaged mitochondria. (C) ER-phagy in neurons. FAM134B 
is an ER-phagy adaptor that induces ER-phagy by recruiting GABA type A receptor-associated protein (GABARAP). (D) Aggrephagy in neu-
rons. Ubiquitin and p62 promote aggrephagy to selectively remove misfolded proteins.
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specific subcellular organelles and other cellular cargo (And-
ing and Baehrecke, 2017). To date, defects in several types 
of selective autophagy, including mitophagy (degradation of 
mitochondria), ER-phagy (degradation of the endoplasmic 
reticulum), and aggrephagy (degradation of aggregated pro-
teins) have been identified in non-neuronal cells and have 
been linked to various brain disorders, such as Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease, and oth-
ers. Neurons consume large amounts of energy, and main-
taining mitochondrial activity or clearance of damaged mito-
chondria is critical for neuronal homeostasis (Nicholls and 
Budd, 2000; Erecinska et al., 2004). Impaired mitophagy has 
been shown to be associated with several neurodegenerative 
diseases (Martinez-Vicente, 2017). Mitochondrial damage can 
occur because of several reasons, including oxidative stress, 
production of reactive oxygen species, and exposure to toxins 
such as rotenone and phthalate, and mitophagy, which is re-
sponsible for eliminating damaged mitochondria (Zolkipli-Cun-
ningham and Falk, 2017). Phosphatase and tensin homolog-
induced serine/threonine kinase 1 (PINK1) and E3 ubiquitin 
ligase Parkin have been shown to regulate mitophagy in neu-
ronal and non-neuronal cells (Evans and Holzbaur, 2020) and 
mediate quality control of the mitochondria (Ge et al., 2020). 
Upon mitochondrial damage due to oxidative stress or expo-
sure to compounds such as protonophore carbonyl cyanide 
3-chlorophenylhydrazone or rotenone, PINK1 phosphorylates 
ubiquitin, thus inducing translocation of Parkin to the outer 
membrane of damaged mitochondria (Joselin et al., 2012; 
Koyano et al., 2014), leading to the recruitment of LC3 and 
initiation of autophagosome formation around the damaged 
mitochondria (Fig. 2B) (Wong and Holzbaur, 2014; Moore and 
Holzbaur, 2016). Interestingly, glutamate excitotoxicity induc-
es mitophagy in neurons by enhancing the accumulation of 
Parkin in mitochondria, whereas NMDA inhibitors block Parkin 
translocation (Van Laar et al., 2015), indicating that neuronal 
activity plays a regulatory role in mitophagy. Mechanisms 
known to eliminate damaged mitochondria in neurons include 
ubiquitin-, lipid-, and receptor-mediated mitophagy (Evans 
and Holzbaur, 2020), and further studies are required to un-
derstand their physiological or pathological roles in neurons. 

ER-phagy in neurons
Although ER-phagy is not as well-studied as a form of mi-

tophagy, it is a selective process that contributes to neuronal 
homeostasis through quality control of the ER (Grumati et al., 
2018). Depending on the location of autophagosome formation 
and fusion with lysosomes, three different types of ER-phagy 
have been reported: macro-ER-phagy, micro-ER-phagy, and 
vesicular delivery (Chino and Mizushima, 2020). ER-phagy is 
mediated by ER-phagy adaptors, such as FAM134B, an ER-
resident protein containing a reticulon-homology domain that 
enables the binding of LC3 and GABA type A receptor-asso-
ciated protein (GABARAP) leading to ER fragmentation (Fig. 
2C) (Bhaskara et al., 2019). Knockdown of FAM134B causes 
structural changes to the cis-Golgi compartment, and muta-
tions in FAM134B are associated with sensory and autonomic 
neuropathy in humans (Kurth et al., 2009). Several ER-phagy 
adaptors have been reported in mammals and yeast (Chino 
and Mizushima, 2020); however, their roles in neuronal ER-
phagy remain unclear. 

In mice, knockout of WD repeat domain 45 (WDR45), a 
beta-propeller scaffold protein and one of the mammalian ho-

mologs of Atg18, leads to impaired synaptic transmission and 
cognitive function with ER protein accumulation and enhanced 
ER stress (Wan et al., 2020). WDR45 plays a regulatory role in 
autophagy because it acts as a sensor of ER stress (Tsuyuki 
et al., 2014; Mollereau and Walter, 2019). Furthermore, pa-
tients with de novo mutations in WDR45 exhibit neurodegen-
eration with brain iron accumulation and Rett syndrome-like 
features (Haack et al., 2012; Ohba et al., 2014). 

In neurons, constitutive formation of autophagosomes is 
observed near the ER at presynaptic terminals and axons 
(Maday and Holzbaur, 2014; Hill and Colon-Ramos, 2020). 
Neuronal autophagy regulates excitatory synaptic transmis-
sion by controlling calcium release from the ER at the presyn-
aptic terminal (Kuijpers et al., 2020). These studies suggest 
that ER-phagy is crucial for maintaining neuronal physiology 
and is associated with pathological conditions that are derived 
from impaired quality control of the ER. 

Aggrephagy in neurons
Accumulation of protein aggregates within neurons is a 

hallmark of several neurodegenerative diseases. Aggregate-
prone proteins are degraded by the ubiquitin-proteasome 
system, although larger protein aggregates induce selective 
autophagy in neurons, a process known as aggrephagy, which 
is a specific form of macroautophagy that selectively removes 
protein aggregates (Fig. 2D) (Berger et al., 2006; Corrochano 
et al., 2012). Like mitophagy, several adaptors, such as p62, 
optineurin (OPTN), and autophagy-linked FYVE protein (Deng 
et al., 2017) are known to regulate aggrephagy in neurons. 
In humans, genetic mutations of p62 or OPTN are correlated 
with ALS and frontotemporal lobar degeneration, which are 
progressive neurodegenerative diseases involving the de-
velopment of inclusion bodies in neurons (Neumann et al., 
2006) and are associated with impaired selective autophagy. 
Although p62 promotes protein degradation by autophagy 
and prevents the formation of protein aggregates (Falcon et 
al., 2018), p62 deficiency leads to protein aggregation with 
neurodegenerative disease phenotypes (Ramesh Babu et al., 
2008). Similarly, deletion of OPTN increases cytoplasmic vac-
uolar formation, protein aggregation, and abnormal myelina-
tion in sciatic nerves (Kurashige et al., 2020). Adaptor proteins 
contain a conserved LC3-interacting region, which is impor-
tant for the association of LC3 with the autophagosomal mem-
brane (Wild et al., 2014). During aggrephagy, adaptor proteins 
interact with LC3 and facilitate the formation of surrounding 
autophagosomes, leading to the sequestration and subse-
quent degradation of protein aggregates. Diverse regulatory 
mechanisms of adaptor protein activity have been shown to 
enhance aggrephagy, such as phosphorylation of specific 
residues (Richter et al., 2016; Turco et al., 2019), oligomeriza-
tion (Wurzer et al., 2015), and post-translational modifications 
(McEwan and Dikic, 2011). Stimulating aggrephagy by modu-
lating adaptor protein activity would be a beneficial approach 
for treating neurodegeneration.

CONCLUSION

Neurons exhibit constitutive formation and rapid turnover 
of autophagosomes. These autophagosomes may be deri
ved from damaged intracellular organelles. It is well-known 
that misfolded or aggregated proteins cannot be diluted in 
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post-mitotic cells; therefore, neurons are particularly vulner-
able to autophagy inhibition. Loss of autophagy in neurons 
causes neurodegeneration via the accumulation of protein 
aggregates (Hara et al., 2006; Komatsu et al., 2006). High 
autophagic flux is a key feature of neurons. Moreover, neu-
rons exhibit compartment-specific autophagy that depends 
on polarized structures, such as compartmentalized biogen-
esis and transport of autophagosomes and lysosomes (Fig. 
1A). Consistent with this, blocking acidification of lysosomes 
induces autophagosomes in the soma alone and not in the 
axons or dendrites. The physiological role of autophagy likely 
differs among the subcellular compartments of neurons. Au-
tophagy is not only responsible for recycling amino acids but 
is also required for neuronal homeostasis and maintaining 
neuronal functions. Recent studies showed that degradative 
lysosomes have distinct features compared to lysosomes; 
thus, studies are needed to investigate the role of degradative 
lysosomes in neurodevelopmental and neurodegenerative 
diseases. Although diverse factors and signaling pathways 
trigger autophagy in neurons, the role of some of these factors 
remains controversial, and their mechanistic link to autophagy 
requires further investigation. Because autophagy is variously 
observed in brain regions and cell types and during brain de-
velopment, an understanding of autophagy steps, including 
biogenesis, transport of autophagosomes, and fusion with ly-
sosomes, would be beneficial for understanding the precise 
mechanism of autophagy in neurons. Selective autophagy is 
highly associated with neurodegenerative diseases because it 
is involved in the clearance of damaged organelles and pro-
tein aggregates (Fig. 2). Adaptor proteins also contribute to 
the clearance of damaged intracellular organelles. The link 
between selective autophagy and neuronal physiology and 
its pathological role in neurodevelopmental disorders must be 
further evaluated. An in-depth understanding of neuronal au-
tophagy will facilitate the development of novel strategies for 
treating several neurological disorders. 

CONFLICT OF INTEREST 

The authors declare no conflict of interest.

ACKNOWLEDGMENTS

This research was supported by a National Research Foun-
dation (NRF) of Korea grant funded by the Korean govern-
ment (MSIT) (No. 2020R1C1C1008852) and Chung‑Ang Uni-
versity Research Scholarship Grants in 2020.

REFERENCES

Adhami, F., Liao, G., Morozov, Y. M., Schloemer, A., Schmithorst, V. J., 
Lorenz, J. N., Dunn, R. S., Vorhees, C. V., Wills-Karp, M., Degen, 
J. L., Davis, R. J., Mizushima, N., Rakic, P., Dardzinski, B. J., Hol-
land, S. K., Sharp, F. R. and Kuan, C. Y. (2006) Cerebral ischemia-
hypoxia induces intravascular coagulation and autophagy. Am. J. 
Pathol. 169, 566-583.

Alirezaei, M., Kemball, C. C., Flynn, C. T., Wood, M. R., Whitton, J. 
L. and Kiosses, W. B. (2010) Short-term fasting induces profound 
neuronal autophagy. Autophagy 6, 702-710.

Anding, A. L. and Baehrecke, E. H. (2017) Cleaning house: selective 

autophagy of organelles. Dev. Cell 41, 10-22.
Ariosa, A. R. and Klionsky, D. J. (2016) Autophagy core machinery: 

Overcoming spatial barriers in neurons. J. Mol. Med. 94, 1217-
1227.

Azarnia Tehran, D., Kuijpers, M. and Haucke, V. (2018) Presynaptic 
endocytic factors in autophagy and neurodegeneration. Curr. Opin. 
Neurobiol. 48, 153-159.

Bailly, Y. (2013) Autophagy - A Double-Edged Sword: Cell Survival or 
Death? IntechOpen, London.

Ban, B. K., Jun, M. H., Ryu, H. H., Jang, D. J., Ahmad, S. T. and Lee, 
J. A. (2013) Autophagy negatively regulates early axon growth in 
cortical neurons. Mol. Cell. Biol. 33, 3907-3919.

Bar-Yosef, T., Damri, O. and Agam, G. (2019) Dual role of autophagy 
in diseases of the central nervous system. Front. Cell. Neurosci. 
13, 196.

Benito-Cuesta, I., Diez, H., Ordonez, L. and Wandosell, F. (2017) As-
sessment of autophagy in neurons and brain tissue. Cells 6, 25.

Berger, Z., Ravikumar, B., Menzies, F. M., Oroz, L. G., Underwood, B. 
R., Pangalos, M. N., Schmitt, I., Wullner, U., Evert, B. O., O’Kane, 
C. J. and Rubinsztein, D. C. (2006) Rapamycin alleviates toxicity of 
different aggregate-prone proteins. Hum. Mol. Genet. 15, 433-442.

Bernard, A. and Klionsky, D. J. (2013) Autophagosome formation: trac-
ing the source. Dev. Cell 25, 116-117.

Bhaskara, R. M., Grumati, P., Garcia-Pardo, J., Kalayil, S., Covarru-
bias-Pinto, A., Chen, W., Kudryashev, M., Dikic, I. and Hummer, 
G. (2019) Curvature induction and membrane remodeling by 
FAM134B reticulon homology domain assist selective ER-pha-
gy. Nat. Commun. 10, 2370.

Binotti, B., Pavlos, N. J., Riedel, D., Wenzel, D., Vorbruggen, G., 
Schalk, A. M., Kuhnel, K., Boyken, J., Erck, C., Martens, H., Chua, 
J. J. and Jahn, R. (2015) The GTPase Rab26 links synaptic vesi-
cles to the autophagy pathway. eLife 4, e05597.

Boland, B., Kumar, A., Lee, S., Platt, F. M., Wegiel, J., Yu, W. H. and 
Nixon, R. A. (2008) Autophagy induction and autophagosome 
clearance in neurons: relationship to autophagic pathology in Al-
zheimer’s disease. J. Neurosci. 28, 6926-6937.

Briz, V., Hsu, Y. T., Li, Y., Lee, E., Bi, X. and Baudry, M. (2013) Calpain-
2-mediated PTEN degradation contributes to BDNF-induced stim-
ulation of dendritic protein synthesis. J. Neurosci. 33, 4317-4328.

Carloni, S., Buonocore, G. and Balduini, W. (2008) Protective role of 
autophagy in neonatal hypoxia-ischemia induced brain injury. Neu-
robiol. Dis. 32, 329-339.

Carloni, S., Girelli, S., Scopa, C., Buonocore, G., Longini, M. and 
Balduini, W. (2010) Activation of autophagy and Akt/CREB signal-
ing play an equivalent role in the neuroprotective effect of rapamy-
cin in neonatal hypoxia-ischemia. Autophagy 6, 366-377.

Carmona-Gutierrez, D., Hughes, A. L., Madeo, F. and Ruckenstuhl, 
C. (2016) The crucial impact of lysosomes in aging and longev-
ity. Ageing Res. Rev. 32, 2-12.

Cheng, X. T., Zhou, B., Lin, M. Y., Cai, Q. and Sheng, Z. H. (2015) 
Axonal autophagosomes recruit dynein for retrograde transport 
through fusion with late endosomes. J. Cell Biol. 209, 377-386.

Chino, H. and Mizushima, N. (2020) ER-phagy: quality control and 
turnover of endoplasmic reticulum. Trends Cell Biol. 30, 384-398.

Chung, W. S. and Barres, B. A. (2012) The role of glial cells in synapse 
elimination. Curr. Opin. Neurobiol. 22, 438-445.

Corrochano, S., Renna, M., Tomas-Zapico, C., Brown, S. D., Lucas, J. 
J., Rubinsztein, D. C. and Acevedo-Arozena, A. (2012) α-Synuclein 
levels affect autophagosome numbers in vivo and modulate Hun-
tington’s disease pathology. Autophagy 8, 431-432.

Corti, O., Blomgren, K., Poletti, A. and Beart, P. M. (2020) Autophagy 
in neurodegeneration: new insights underpinning therapy for neu-
rological diseases. J. Neurochem. 154, 354-371.

Deng, Z., Purtell, K., Lachance, V., Wold, M. S., Chen, S. and Yue, 
Z. (2017) Autophagy receptors and neurodegenerative diseas-
es. Trends Cell Biol. 27, 491-504.

Erecinska, M., Cherian, S. and Silver, I. A. (2004) Energy metabolism 
in mammalian brain during development. Prog. Neurobiol. 73, 397-
445.

Eskelinen, E. L. (2005) Maturation of autophagic vacuoles in mam-
malian cells. Autophagy 1, 1-10.

Evans, C. S. and Holzbaur, E. L. F. (2020) Quality control in neurons: 



612https://doi.org/10.4062/biomolther.2021.012

mitophagy and other selective autophagy mechanisms. J. Mol. 
Biol. 432, 240-260.

Falcon, B., Noad, J., McMahon, H., Randow, F. and Goedert, M. (2018) 
Galectin-8-mediated selective autophagy protects against seeded 
tau aggregation. J. Biol. Chem. 293, 2438-2451.

Farfel-Becker, T., Roney, J. C., Cheng, X. T., Li, S., Cuddy, S. R. and 
Sheng, Z. H. (2019) Neuronal soma-derived degradative lyso-
somes are continuously delivered to distal axons to maintain local 
degradation capacity. Cell Rep. 28, 51-64.e4.

Farias, G. G., Guardia, C. M., Britt, D. J., Guo, X. and Bonifacino, J. 
S. (2015) Sorting of dendritic and axonal vesicles at the pre-axonal 
exclusion zone. Cell Rep. 13, 1221-1232.

Fox, J. H., Connor, T., Chopra, V., Dorsey, K., Kama, J. A., Bleckmann, 
D., Betschart, C., Hoyer, D., Frentzel, S., Difiglia, M., Paganetti, P. 
and Hersch, S. M. (2010) The mTOR kinase inhibitor everolimus 
decreases S6 kinase phosphorylation but fails to reduce mutant 
huntingtin levels in brain and is not neuroprotective in the R6/2 
mouse model of Huntington’s disease. Mol. Neurodegener. 5, 26.

Furuta, N., Fujita, N., Noda, T., Yoshimori, T. and Amano, A. (2010) 
Combinational soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor proteins VAMP8 and Vti1b mediate fusion of 
antimicrobial and canonical autophagosomes with lysosomes. Mol. 
Biol. Cell 21, 1001-1010.

Gabryel, B., Kost, A. and Kasprowska, D. (2012) Neuronal autophagy 
in cerebral ischemia--a potential target for neuroprotective strate-
gies? Pharmacol. Rep. 64, 1-15.

Ge, P., Dawson, V. L. and Dawson, T. M. (2020) PINK1 and Parkin 
mitochondrial quality control: a source of regional vulnerability in 
Parkinson’s disease. Mol. Neurodegener. 15, 20.

Ginet, V., Puyal, J., Clarke, P. G. and Truttmann, A. C. (2009) Enhance-
ment of autophagic flux after neonatal cerebral hypoxia-ischemia 
and its region-specific relationship to apoptotic mechanisms. Am. 
J. Pathol. 175, 1962-1974.

Ginty, D. D. and Segal, R. A. (2002) Retrograde neurotrophin signal-
ing: Trk-ing along the axon. Curr. Opin. Neurobiol. 12, 268-274.

Goo, M. S., Sancho, L., Slepak, N., Boassa, D., Deerinck, T. J., El-
lisman, M. H., Bloodgood, B. L. and Patrick, G. N. (2017) Activ-
ity-dependent trafficking of lysosomes in dendrites and dendritic 
spines. J. Cell Biol. 216, 2499-2513.

Grishchuk, Y., Ginet, V., Truttmann, A. C., Clarke, P. G. and Puyal, J. 
(2011) Beclin 1-independent autophagy contributes to apoptosis in 
cortical neurons. Autophagy 7, 1115-1131.

Grumati, P., Dikic, I. and Stolz, A. (2018) ER-phagy at a glance. J. Cell 
Sci. 131, jcs217364.

Haack, T. B., Hogarth, P., Kruer, M. C., Gregory, A., Wieland, T., 
Schwarzmayr, T., Graf, E., Sanford, L., Meyer, E., Kara, E., Cuno, 
S. M., Harik, S. I., Dandu, V. H., Nardocci, N., Zorzi, G., Dunaway, 
T., Tarnopolsky, M., Skinner, S., Frucht, S., Hanspal, E., Schrand-
er-Stumpel, C., Heron, D., Mignot, C., Garavaglia, B., Bhatia, K., 
Hardy, J., Strom, T. M., Boddaert, N., Houlden, H. H., Kurian, M. 
A., Meitinger, T., Prokisch, H. and Hayflick, S. J. (2012) Exome se-
quencing reveals de novo WDR45 mutations causing a phenotypi-
cally distinct, X-linked dominant form of NBIA. Am. J. Hum. Genet. 
91, 1144-1149.

Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Su-
zuki-Migishima, R., Yokoyama, M., Mishima, K., Saito, I., Okano, 
H. and Mizushima, N. (2006) Suppression of basal autophagy in 
neural cells causes neurodegenerative disease in mice. Nature 
441, 885-889.

Hernandez, D., Torres, C. A., Setlik, W., Cebrian, C., Mosharov, E. V., 
Tang, G., Cheng, H. C., Kholodilov, N., Yarygina, O., Burke, R. E., 
Gershon, M. and Sulzer, D. (2012) Regulation of presynaptic neu-
rotransmission by macroautophagy. Neuron 74, 277-284.

Hill, S. E. and Colon-Ramos, D. A. (2020) The journey of the synaptic 
autophagosome: a cell biological perspective. Neuron 105, 961-
973.

Hoffmann-Conaway, S., Brockmann, M. M., Schneider, K., Annamnee-
di, A., Rahman, K. A., Bruns, C., Textoris-Taube, K., Trimbuch, T., 
Smalla, K. H., Rosenmund, C., Gundelfinger, E. D., Garner, C. C. 
and Montenegro-Venegas, C. (2020) Parkin contributes to synaptic 
vesicle autophagy in Bassoon-deficient mice. eLife 9, e56590.

Hoffmann, S., Orlando, M., Andrzejak, E., Bruns, C., Trimbuch, T., 

Rosenmund, C., Garner, C. C. and Ackermann, F. (2019) Light-
Activated ROS production induces synaptic autophagy. J. Neuro-
sci. 39, 2163-2183.

Hori, I., Otomo, T., Nakashima, M., Miya, F., Negishi, Y., Shiraishi, H., 
Nonoda, Y., Magara, S., Tohyama, J., Okamoto, N., Kumagai, T., 
Shimoda, K., Yukitake, Y., Kajikawa, D., Morio, T., Hattori, A., Na-
kagawa, M., Ando, N., Nishino, I., Kato, M., Tsunoda, T., Saitsu, 
H., Kanemura, Y., Yamasaki, M., Kosaki, K., Matsumoto, N., Yoshi-
mori, T. and Saitoh, S. (2017) Defects in autophagosome-lysosome 
fusion underlie Vici syndrome, a neurodevelopmental disorder with 
multisystem involvement. Sci. Rep. 7, 3552.

Jiang, X., Litkowski, P. E., Taylor, A. A., Lin, Y., Snider, B. J. and Mould-
er, K. L. (2010) A role for the ubiquitin-proteasome system in activ-
ity-dependent presynaptic silencing. J. Neurosci. 30, 1798-1809.

Joselin, A. P., Hewitt, S. J., Callaghan, S. M., Kim, R. H., Chung, Y. 
H., Mak, T. W., Shen, J., Slack, R. S. and Park, D. S. (2012) ROS-
dependent regulation of Parkin and DJ-1 localization during oxida-
tive stress in neurons. Hum. Mol. Genet. 21, 4888-4903.

Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, 
T., Kominami, E., Ohsumi, Y. and Yoshimori, T. (2000) LC3, a mam-
malian homologue of yeast Apg8p, is localized in autophagosome 
membranes after processing. EMBO J. 19, 5720-5728.

Katsumata, K., Nishiyama, J., Inoue, T., Mizushima, N., Takeda, J. and 
Yuzaki, M. (2010) Dynein- and activity-dependent retrograde trans-
port of autophagosomes in neuronal axons. Autophagy 6, 378-385.

Koike, M., Shibata, M., Tadakoshi, M., Gotoh, K., Komatsu, M., Waguri, 
S., Kawahara, N., Kuida, K., Nagata, S., Kominami, E., Tanaka, K. 
and Uchiyama, Y. (2008) Inhibition of autophagy prevents hippo-
campal pyramidal neuron death after hypoxic-ischemic injury. Am. 
J. Pathol. 172, 454-469.

Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J., Tanida, I., 
Ueno, T., Koike, M., Uchiyama, Y., Kominami, E. and Tanaka, K. 
(2006) Loss of autophagy in the central nervous system causes 
neurodegeneration in mice. Nature 441, 880-884.

Kononenko, N. L., Classen, G. A., Kuijpers, M., Puchkov, D., Maritzen, 
T., Tempes, A., Malik, A. R., Skalecka, A., Bera, S., Jaworski, J. 
and Haucke, V. (2017) Retrograde transport of TrkB-containing au-
tophagosomes via the adaptor AP-2 mediates neuronal complexity 
and prevents neurodegeneration. Nat. Commun. 8, 14819.

Koyano, F., Okatsu, K., Kosako, H., Tamura, Y., Go, E., Kimura, M., 
Kimura, Y., Tsuchiya, H., Yoshihara, H., Hirokawa, T., Endo, T., Fon, 
E. A., Trempe, J. F., Saeki, Y., Tanaka, K. and Matsuda, N. (2014) 
Ubiquitin is phosphorylated by PINK1 to activate parkin. Nature 
510, 162-166.

Ktistakis, N. T. and Tooze, S. A. (2016) Digesting the expanding mech-
anisms of autophagy. Trends Cell Biol. 26, 624-635.

Kuijpers, M., Kochlamazashvili, G., Stumpf, A., Puchkov, D., Swami-
nathan, A., Lucht, M. T., Krause, E., Maritzen, T., Schmitz, D. and 
Haucke, V. (2020) Neuronal autophagy regulates presynaptic 
neurotransmission by controlling the axonal endoplasmic reticu-
lum. Neuron 109, 299-313.

Kulkarni, A., Chen, J. and Maday, S. (2018) Neuronal autophagy and 
intercellular regulation of homeostasis in the brain. Curr. Opin. Nu-
erobiol. 51, 29-36.

Kulkarni, V. V. and Maday, S. (2018) Neuronal endosomes to lyso-
somes: a journey to the soma. J. Cell Biol. 217, 2977-2979.

Kurashige, T., Kuramochi, M., Ohsawa, R., Yamashita, Y., Shioi, G., 
Morino, H., Kamada, M., Ayaki, T., Ito, H., Sotomaru, Y., Maruyama, 
H. and Kawakami, H. (2020) Optineurin defects cause TDP43-pa-
thology with autophagic vacuolar formation. Neurobiol. Dis. 148, 
105215.

Kurth, I., Pamminger, T., Hennings, J. C., Soehendra, D., Huebner, A. 
K., Rotthier, A., Baets, J., Senderek, J., Topaloglu, H., Farrell, S. 
A., Nurnberg, G., Nurnberg, P., De Jonghe, P., Gal, A., Kaether, C., 
Timmerman, V. and Hubner, C. A. (2009) Mutations in FAM134B, 
encoding a newly identified Golgi protein, cause severe sensory 
and autonomic neuropathy. Nat. Genet. 41, 1179-1181.

Lee, K. M., Hwang, S. K. and Lee, J. A. (2013) Neuronal autophagy 
and neurodevelopmental disorders. Exp. Neurobiol. 22, 133-142.

Lee, S., Sato, Y. and Nixon, R. A. (2011) Primary lysosomal dysfunc-
tion causes cargo-specific deficits of axonal transport leading to 
Alzheimer-like neuritic dystrophy. Autophagy 7, 1562-1563.

Biomol  Ther 29(6), 605-614 (2021) 



www.biomolther.org

Valencia et al.   Characteristics of Neuronal Autophagy

613

Lee, S. H., Simonetta, A. and Sheng, M. (2004) Subunit rules gov-
erning the sorting of internalized AMPA receptors in hippocampal 
neurons. Neuron 43, 221-236.

Liang, Y. and Sigrist, S. (2018) Autophagy and proteostasis in the 
control of synapse aging and disease. Curr. Opin. Nuerobiol. 48, 
113-121.

Lim, J., Kim, H. W., Youdim, M. B., Rhyu, I. J., Choe, K. M. and Oh, 
Y. J. (2011) Binding preference of p62 towards LC3-ll during do-
paminergic neurotoxin-induced impairment of autophagic flux. Au-
tophagy 7, 51-60.

Loeffler, D. A. (2019) Influence of normal aging on brain autophagy: a 
complex scenario. Front. Aging Neurosci. 11, 49.

Luningschror, P., Binotti, B., Dombert, B., Heimann, P., Perez-Lara, A., 
Slotta, C., Thau-Habermann, N., von Collenberg, C. R., Karl, F., 
Damme, M., Horowitz, A., Maystadt, I., Fuchtbauer, A., Fuchtbauer, 
E. M., Jablonka, S., Blum, R., Uceyler, N., Petri, S., Kaltschmidt, 
B., Jahn, R., Kaltschmidt, C. and Sendtner, M. (2017) Plekhg5-
regulated autophagy of synaptic vesicles reveals a pathogenic 
mechanism in motoneuron disease. Nat. Commun. 8, 678.

Maday, S. and Holzbaur, E. L. (2014) Autophagosome biogenesis in 
primary neurons follows an ordered and spatially regulated path-
way. Dev. Cell 30, 71-85.

Maday, S. and Holzbaur, E. L. (2016) Compartment-specific regulation 
of autophagy in primary neurons. J. Neurosci. 36, 5933-5945.

Maiuri, M. C., Zalckvar, E., Kimchi, A. and Kroemer, G. (2007) Self-
eating and self-killing: crosstalk between autophagy and apopto-
sis. Nat. Rev. Mol. Cell Biol. 8, 741-752.

Martinez-Vicente, M. (2017) Neuronal mitophagy in neurodegenera-
tive diseases. Front. Mol. Neurosci. 10, 64.

Mazure, N. M. and Pouyssegur, J. (2010) Hypoxia-induced autophagy: 
cell death or cell survival? Curr. Opin. Cell Biol. 22, 177-180.

McEwan, D. G. and Dikic, I. (2011) The three musketeers of autoph-
agy: phosphorylation, ubiquitylation and acetylation. Trends Cell 
Biol. 21, 195-201.

Metcalf, D. J., Garcia-Arencibia, M., Hochfeld, W. E. and Rubinsztein, 
D. C. (2012) Autophagy and misfolded proteins in neurodegenera-
tion. Exp. Neurol. 238, 22-28.

Mitra, S., Tsvetkov, A. S. and Finkbeiner, S. (2009) Protein turnover 
and inclusion body formation. Autophagy 5, 1037-1038.

Mizushima, N., Yamamoto, A., Matsui, M., Yoshimori, T. and Ohsumi, 
Y. (2004) In vivo analysis of autophagy in response to nutrient star-
vation using transgenic mice expressing a fluorescent autophago-
some marker. Mol. Biol. Cell 15, 1101-1111.

Mollereau, B. and Walter, L. (2019) Is WDR45 the missing link for ER 
stress-induced autophagy in beta-propeller associated neurode-
generation? Autophagy 15, 2163-2164.

Moore, A. S. and Holzbaur, E. L. (2016) Dynamic recruitment and ac-
tivation of ALS-associated TBK1 with its target optineurin are re-
quired for efficient mitophagy. Proc. Natl. Acad. Sci. U.S.A. 113, 
E3349-E3358.

Neumann, M., Sampathu, D. M., Kwong, L. K., Truax, A. C., Micsenyi, 
M. C., Chou, T. T., Bruce, J., Schuck, T., Grossman, M., Clark, C. 
M., McCluskey, L. F., Miller, B. L., Masliah, E., Mackenzie, I. R., 
Feldman, H., Feiden, W., Kretzschmar, H. A., Trojanowski, J. Q. 
and Lee, V. M. (2006) Ubiquitinated TDP-43 in frontotemporal lo-
bar degeneration and amyotrophic lateral sclerosis. Science 314, 
130-133.

Nicholls, D. G. and Budd, S. L. (2000) Mitochondria and neuronal sur-
vival. Physiol. Rev. 80, 315-360.

Nikoletopoulou, V., Papandreou, M. E. and Tavernarakis, N. (2015) 
Autophagy in the physiology and pathology of the central nervous 
system. Cell Death Differ. 22, 398-407.

Nikoletopoulou, V., Sidiropoulou, K., Kallergi, E., Dalezios, Y. and Tav-
ernarakis, N. (2017) Modulation of autophagy by BDNF underlies 
synaptic plasticity. Cell Metab. 26, 230-242.e5.

Nixon, R. A., Wegiel, J., Kumar, A., Yu, W. H., Peterhoff, C., Cataldo, 
A. and Cuervo, A. M. (2005) Extensive involvement of autophagy in 
Alzheimer disease: an immuno-electron microscopy study. J. Neu-
ropathol. Exp. Neurol. 64, 113-122.

Ohba, C., Nabatame, S., Iijima, Y., Nishiyama, K., Tsurusaki, Y., Na-
kashima, M., Miyake, N., Tanaka, F., Ozono, K., Saitsu, H. and Mat-
sumoto, N. (2014) De novo WDR45 mutation in a patient showing 

clinically Rett syndrome with childhood iron deposition in brain. J. 
Hum. Genet. 59, 292-295.

Okerlund, N. D., Schneider, K., Leal-Ortiz, S., Montenegro-Venegas, 
C., Kim, S. A., Garner, L. C., Waites, C. L., Gundelfinger, E. D., Re-
imer, R. J. and Garner, C. C. (2017) Bassoon controls presynaptic 
autophagy through Atg5. Neuron 93, 897-913.e7.

Padamsey, Z., McGuinness, L., Bardo, S. J., Reinhart, M., Tong, R., 
Hedegaard, A., Hart, M. L. and Emptage, N. J. (2017) Activity-de-
pendent exocytosis of lysosomes regulates the structural plasticity 
of dendritic spines. Neuron 93, 132-146.

Philippidou, P., Valdez, G., Akmentin, W., Bowers, W. J., Federoff, H. 
J. and Halegoua, S. (2011) Trk retrograde signaling requires per-
sistent, Pincher-directed endosomes. Proc. Natl. Acad. Sci. U.S.A. 
108, 852-857.

Puyal, J., Vaslin, A., Mottier, V. and Clarke, P. G. (2009) Postischemic 
treatment of neonatal cerebral ischemia should target autopha-
gy. Ann. Neurol. 66, 378-389.

Ramesh Babu, J., Lamar Seibenhener, M., Peng, J., Strom, A. L., 
Kemppainen, R., Cox, N., Zhu, H., Wooten, M. C., Diaz-Meco, M. 
T., Moscat, J. and Wooten, M. W. (2008) Genetic inactivation of 
p62 leads to accumulation of hyperphosphorylated tau and neuro-
degeneration. J. Neurochem. 106, 107-120.

Rami, A., Langhagen, A. and Steiger, S. (2008) Focal cerebral isch-
emia induces upregulation of Beclin 1 and autophagy-like cell 
death. Neurobiol. Dis. 29, 132-141.

Reichardt, L. F. (2006) Neurotrophin-regulated signalling path-
ways. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361, 1545-1564.

Richter, B., Sliter, D. A., Herhaus, L., Stolz, A., Wang, C., Beli, P., Zaf-
fagnini, G., Wild, P., Martens, S., Wagner, S. A., Youle, R. J. and 
Dikic, I. (2016) Phosphorylation of OPTN by TBK1 enhances its 
binding to Ub chains and promotes selective autophagy of dam-
aged mitochondria. Proc. Natl. Acad. Sci. U.S.A. 113, 4039-4044.

Saito, T. and Sadoshima, J. (2015) Molecular mechanisms of mito-
chondrial autophagy/mitophagy in the heart. Circ. Res. 116, 1477-
1490.

Schwarz, L. A., Hall, B. J. and Patrick, G. N. (2010) Activity-dependent 
ubiquitination of GluA1 mediates a distinct AMPA receptor endocy-
tosis and sorting pathway. J. Neurosci. 30, 16718-16729.

Sharma, A., Hoeffer, C. A., Takayasu, Y., Miyawaki, T., McBride, S. M., 
Klann, E. and Zukin, R. S. (2010) Dysregulation of mTOR signaling 
in fragile X syndrome. J. Neurosci. 30, 694-702.

Shehata, M., Matsumura, H., Okubo-Suzuki, R., Ohkawa, N. and 
Inokuchi, K. (2012) Neuronal stimulation induces autophagy in 
hippocampal neurons that is involved in AMPA receptor degrada-
tion after chemical long-term depression. J. Neurosci. 32, 10413-
10422.

Shen, W. and Ganetzky, B. (2009) Autophagy promotes synapse de-
velopment in Drosophila. J. Cell Biol. 187, 71-79.

Sheng, R. and Qin, Z. H. (2015) The divergent roles of autophagy in 
ischemia and preconditioning. Acta Pharmacol. Sin. 36, 411-420.

Shibata, M., Lu, T., Furuya, T., Degterev, A., Mizushima, N., Yoshimori, 
T., MacDonald, M., Yankner, B. and Yuan, J. (2006) Regulation of 
intracellular accumulation of mutant Huntingtin by Beclin 1. J. Biol. 
Chem. 281, 14474-14485.

Smith, E. D., Prieto, G. A., Tong, L., Sears-Kraxberger, I., Rice, J. D., 
Steward, O. and Cotman, C. W. (2014) Rapamycin and interleukin-
1beta impair brain-derived neurotrophic factor-dependent neuron 
survival by modulating autophagy. J. Biol. Chem. 289, 20615-
20629.

Son, J. H., Shim, J. H., Kim, K. H., Ha, J. Y. and Han, J. Y. (2012) 
Neuronal autophagy and neurodegenerative diseases. Exp. Mol. 
Med. 44, 89-98.

Song, A. H., Wang, D., Chen, G., Li, Y., Luo, J., Duan, S. and Poo, M. 
M. (2009) A selective filter for cytoplasmic transport at the axon 
initial segment. Cell 136, 1148-1160.

Soukup, S. F., Kuenen, S., Vanhauwaert, R., Manetsberger, J., Her-
nandez-Diaz, S., Swerts, J., Schoovaerts, N., Vilain, S., Gounko, 
N. V., Vints, K., Geens, A., De Strooper, B. and Verstreken, P. 
(2016) A LRRK2-dependent endophilinA phosphoswitch is critical 
for macroautophagy at presynaptic terminals. Neuron 92, 829-844.

Stavoe, A. K., Hill, S. E., Hall, D. H. and Colon-Ramos, D. A. (2016) 
KIF1A/UNC-104 transports ATG-9 to regulate neurodevelopment 



614https://doi.org/10.4062/biomolther.2021.012

and autophagy at synapses. Dev. Cell 38, 171-185.
Stephan, A. H., Barres, B. A. and Stevens, B. (2012) The complement 

system: an unexpected role in synaptic pruning during develop-
ment and disease. Annu. Rev. Neurosci. 35, 369-389.

Suzuki, K., Kubota, Y., Sekito, T. and Ohsumi, Y. (2007) Hierarchy of 
Atg proteins in pre-autophagosomal structure organization. Genes 
Cells 12, 209-218.

Tang, G., Gudsnuk, K., Kuo, S. H., Cotrina, M. L., Rosoklija, G., Sosu-
nov, A., Sonders, M. S., Kanter, E., Castagna, C., Yamamoto, A., 
Yue, Z., Arancio, O., Peterson, B. S., Champagne, F., Dwork, A. J., 
Goldman, J. and Sulzer, D. (2014) Loss of mTOR-dependent mac-
roautophagy causes autistic-like synaptic pruning deficits. Neuron 
83, 1131-1143.

Tsuyuki, S., Takabayashi, M., Kawazu, M., Kudo, K., Watanabe, A., 
Nagata, Y., Kusama, Y. and Yoshida, K. (2014) Detection of WIPI1 
mRNA as an indicator of autophagosome formation. Autophagy 
10, 497-513.

Tsvetkov, A. S., Miller, J., Arrasate, M., Wong, J. S., Pleiss, M. A. and 
Finkbeiner, S. (2010) A small-molecule scaffold induces autophagy 
in primary neurons and protects against toxicity in a Huntington 
disease model. Proc. Natl. Acad. Sci. U.S.A. 107, 16982-16987.

Turco, E., Witt, M., Abert, C., Bock-Bierbaum, T., Su, M. Y., Trapan-
none, R., Sztacho, M., Danieli, A., Shi, X., Zaffagnini, G., Gamper, 
A., Schuschnig, M., Fracchiolla, D., Bernklau, D., Romanov, J., 
Hartl, M., Hurley, J. H., Daumke, O. and Martens, S. (2019) FIP200 
claw domain binding to p62 promotes autophagosome formation at 
ubiquitin condensates. Mol. Cell 74, 330-346.e11.

Van Laar, V. S., Roy, N., Liu, A., Rajprohat, S., Arnold, B., Dukes, A. 
A., Holbein, C. D. and Berman, S. B. (2015) Glutamate excitotox-
icity in neurons triggers mitochondrial and endoplasmic reticulum 
accumulation of Parkin, and, in the presence of N-acetyl cysteine, 
mitophagy. Neurobiol. Dis. 74, 180-193.

Vanhauwaert, R., Kuenen, S., Masius, R., Bademosi, A., Manetsberg-
er, J., Schoovaerts, N., Bounti, L., Gontcharenko, S., Swerts, J., 
Vilain, S., Picillo, M., Barone, P., Munshi, S. T., de Vrij, F. M., Kush-
ner, S. A., Gounko, N. V., Mandemakers, W., Bonifati, V., Meunier, 
F. A., Soukup, S. F. and Verstreken, P. (2017) The SAC1 domain in 
synaptojanin is required for autophagosome maturation at presyn-
aptic terminals. EMBO J. 36, 1392-1411.

Vijayan, V. and Verstreken, P. (2017) Autophagy in the presynaptic 
compartment in health and disease. J. Cell Biol. 216, 1895-1906.

Wallings, R. L., Humble, S. W., Ward, M. E. and Wade-Martins, R. 
(2019) Lysosomal dysfunction at the centre of parkinson’s disease 
and frontotemporal dementia/amyotrophic lateral sclerosis. Trends 
Neurosci. 42, 899-912.

Wan, H., Wang, Q., Chen, X., Zeng, Q., Shao, Y., Fang, H., Liao, X., 
Li, H. S., Liu, M. G., Xu, T. L., Diao, M., Li, D., Meng, B., Tang, 
B., Zhang, Z. and Liao, L. (2020) WDR45 contributes to neuro-
degeneration through regulation of ER homeostasis and neuronal 
death. Autophagy 16, 531-547.

Wang, D. B., Kinoshita, Y., Kinoshita, C., Uo, T., Sopher, B. L., Cuda-
back, E., Keene, C. D., Bilousova, T., Gylys, K., Case, A., Jayadev, 
S., Wang, H. G., Garden, G. A. and Morrison, R. S. (2015a) Loss of 
endophilin-B1 exacerbates Alzheimer’s disease pathology. Brain 
138, 2005-2019.

Wang, M. M., Feng, Y. S., Yang, S. D., Xing, Y., Zhang, J., Dong, F. and 
Zhang, F. (2019) The relationship between autophagy and brain 
plasticity in neurological diseases. Front. Cell. Neurosci. 13, 228.

Wang, T., Martin, S., Papadopulos, A., Harper, C. B., Mavlyutov, T. 
A., Niranjan, D., Glass, N. R., Cooper-White, J. J., Sibarita, J. B., 
Choquet, D., Davletov, B. and Meunier, F. A. (2015b) Control of 

autophagosome axonal retrograde flux by presynaptic activity un-
veiled using botulinum neurotoxin type A. J. Neurosci. 35, 6179-
6194.

Watanabe, S., Mamer, L. E., Raychaudhuri, S., Luvsanjav, D., Eisen, 
J., Trimbuch, T., Sohl-Kielczynski, B., Fenske, P., Milosevic, I., 
Rosenmund, C. and Jorgensen, E. M. (2018) Synaptojanin and en-
dophilin mediate neck formation during ultrafast endocytosis. Neu-
ron 98, 1184-1197.e6.

Wen, Y. D., Sheng, R., Zhang, L. S., Han, R., Zhang, X., Zhang, X. 
D., Han, F., Fukunaga, K. and Qin, Z. H. (2008) Neuronal injury 
in rat model of permanent focal cerebral ischemia is associated 
with activation of autophagic and lysosomal pathways. Autophagy 
4, 762-769.

Wild, P., McEwan, D. G. and Dikic, I. (2014) The LC3 interactome at a 
glance. J. Cell Sci. 127, 3-9.

Williams, A., Jahreiss, L., Sarkar, S., Saiki, S., Menzies, F. M., Ravi-
kumar, B. and Rubinsztein, D. C. (2006) Aggregate-prone proteins 
are cleared from the cytosol by autophagy: therapeutic implica-
tions. Curr. Top. Dev. Biol. 76, 89-101.

Winden, K. D., Ebrahimi-Fakhari, D. and Sahin, M. (2018) Abnormal 
mTOR activation in autism. Annu. Rev. Neurosci. 41, 1-23.

Wong, Y. C. and Holzbaur, E. L. (2014) Optineurin is an autophagy 
receptor for damaged mitochondria in parkin-mediated mitopha-
gythat is disrupted by an ALS-linked mutation. Proc. Natl. Acad. 
Sci. U.S.A. 111, E4439- E4448.

Wurzer, B., Zaffagnini, G., Fracchiolla, D., Turco, E., Abert, C., Ro-
manov, J. and Martens, S. (2015) Oligomerization of p62 allows 
for selection of ubiquitinated cargo and isolation membrane during 
selective autophagy. eLife 4, e08941.

Xie, Z. and Klionsky, D. J. (2007) Autophagosome formation: core ma-
chinery and adaptations. Nat. Cell Biol. 9, 1102-1109.

Yamamoto, A. and Yue, Z. (2014) Autophagy and its normal and patho-
genic states in the brain. Annu. Rev. Neurosci. 37, 55-78.

Yan, J., Porch, M. W., Court-Vazquez, B., Bennett, M. V. L. and Zukin, 
R. S. (2018) Activation of autophagy rescues synaptic and cogni-
tive deficits in fragile X mice. Proc. Natl. Acad. Sci. U.S.A. 115, 
E9707-E9716.

Yap, C. C., Digilio, L., McMahon, L. P., Garcia, A. D. R. and Winckler, 
B. (2018) Degradation of dendritic cargos requires Rab7-depen-
dent transport to somatic lysosomes. J. Cell Biol. 217, 3141-3159.

Yoshimori, T., Yamamoto, A., Moriyama, Y., Futai, M. and Tashiro, Y. 
(1991) Bafilomycin A1, a specific inhibitor of vacuolar-type H(+)-
ATPase, inhibits acidification and protein degradation in lysosomes 
of cultured cells. J. Biol. Chem. 266, 17707-17712.

Young, J. E., Martinez, R. A. and La Spada, A. R. (2009) Nutrient depri-
vation induces neuronal autophagy and implicates reduced insulin 
signaling in neuroprotective autophagy activation. J. Biol. Chem. 
284, 2363-2373.

Zatyka, M., Sarkar, S. and Barrett, T. (2020) Autophagy in rare (non-
lysosomal) neurodegenerative diseases. J. Mol. Biol. 432, 2735-
2753.

Zhu, C., Wang, X., Xu, F., Bahr, B. A., Shibata, M., Uchiyama, Y., Hag-
berg, H. and Blomgren, K. (2005) The influence of age on apoptotic 
and other mechanisms of cell death after cerebral hypoxia-isch-
emia. Cell Death Differ. 12, 162-176.

Zhu, Z., Yang, C., Iyaswamy, A., Krishnamoorthi, S., Sreenivasmurthy, 
S. G., Liu, J., Wang, Z., Tong, B. C., Song, J., Lu, J., Cheung, K. H. 
and Li, M. (2019) Balancing mTOR signaling and autophagy in the 
treatment of Parkinson’s disease. Int. J. Mol. Sci. 20, 728.

Zolkipli-Cunningham, Z. and Falk, M. J. (2017) Clinical effects of chem-
ical exposures on mitochondrial function. Toxicology 391, 90-99.

Biomol  Ther 29(6), 605-614 (2021) 




