
Mechanism and Regulation of Autophagy and Its Role
in Neuronal Diseases

Zhiping Hu & Binbin Yang & Xiaoye Mo & Han Xiao

Received: 17 July 2014 /Accepted: 29 September 2014 /Published online: 15 October 2014
# Springer Science+Business Media New York 2014

Abstract Autophagy is a constitutive lysosomal catabolic
pathway that degrades damaged organelles and protein aggre-
gates. Neuronal survival is highly dependent on autophagy
due to its post-mitotic nature, polarized morphology, and
active protein trafficking. Autophagic dysfunction has been
linked to several neuronal diseases. Our understanding is still
incomplete but may highlight up-to-date findings on how
autophagy is executed and regulated at the molecular level
and its role in neurodegenerative diseases (including
Alzheimer’s disease (AD), Huntington’s disease (HD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS)), brain ischemia, and myelin diseases, hence providing
attractive new avenues for the development of treatment strat-
egies to combat neuronal diseases.

Keywords Autophagy . Autophagy flux . Neurons .

Neurodegenerative diseases . Brain ischemia .Myelin disease

The Autophagic/Lysosomal Pathway

The dynamic, tightly regulated balance between the formation
and degradation of proteins and organelles maintains normal
cell growth and development. Autophagy and the ubiquitin-
proteasome system (UPS) are the two major degradative
pathways in mammalian cells. The latter is responsible for
degrading damaged proteins in the proteasome and is specific
in its selection of proteins and protein aggregates that are
tagged with ubiquitin. Autophagy, on the other hand, is a cell

self-digestive, lysosomal degradation pathway. It is highly
conserved from yeast to mammals, both morphologically
and with regard to the protein constituents that make up the
core autophagy machinery.

There are three basic forms of autophagy, namely,
macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA), which primarily differ in the way in which
cytosolic components are delivered to lysosomes. Moreover,
the different types of autophagy share a common endpoint, the
lysosome, but differ in the substrates targeted, their regulation,
and the conditions in which each of them is preferentially
activated [1–3]. Both micro- and macroautophagy can be
selective or nonselective and these processes have been best
characterized in yeast. Microautophagy is a much simpler
process and delivers the cytoplasmic contents by invagination
of the lysosomal membrane into its lumen [4, 5].
Microautophagy is dependent on GTP hydrolysis and on
calcium [6]. However, the molecular regulation of
microautophagy remains to be unraveled. Bulk
microautophagy does not seem to be dependent on Atg pro-
teins, whereas selective forms of microautophagy require
different sets of Atg proteins [7–9]. CMA incorporates cyto-
solic proteins that are brought by chaperones to the lysosome
membrane [10, 11]. CMA involves the selective sequestration
of proteins with a KFERQ-like motif into lysosomes via
chaperones Hsc70 and Lysosomal-AssociatedMembrane Pro-
tein-2A (LAMP-2A) complex, which transfers protein sub-
strates to the lysosomal membrane, and there, through binding
to the receptor LAMP-2A, they are translocated into the
lysosome. CMA performs several general functions, such as
the elimination of oxidized proteins and the removal of
misfolded proteins, and also provides amino acids during
prolonged periods of starvation. Macroautophagy, usually
identified simply as autophagy, is the well-characterized form
of autophagy that involves the sequestration of cytosolic
components into lysosomes in a nonselective manner.
Macroautophagy occurs constitutively in cells and is marked-
ly induced under stress conditions, such as starvation, and has
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two major purposes: as a source to generate essential macro-
molecules and energy in conditions of nutritional scarcity or
as a mechanism for the removal of altered intracellular com-
ponents [12]. Originally viewed as a nonselective, bulk pro-
cess, it is now known that there are some selective forms of
autophagy [13]. Selective autophagy of different cargoes is
named after the organelle or the type of material ingested, so
that mitophagy is used for mitochondria, reticulophagy for
endoplasmic reticulum, pexophagy for peroxisomes, lipophagy
for lipid droplets, and xenophagy for heterologous substrates
(e.g., pathogens) [14]. It is interesting to note that cross-talk
occurs between macroautophagy and CMA during starvation
[15, 16]. When CMA is stimulated, macroautophagy is first
induced and then declines. The molecular basis for this switch
remains to be identified.

Cross-Talk Between the Ubiquitin-Proteasome System
and Macroautophagy

Proteins are targeted for destruction by the UPS via a series of
enzymatic reactions that tag them with homopolymers of a
small, 76-amino acid residue protein called ubiquitin [17].
Polyubiquitylation marks the UPS clients for transportation
by a poorly understood shuttling machinery to a specialized
organelle called the proteasome, where proteins are degraded
to oligopeptides, which are released into the cytoplasm or
nucleoplasm, where they can be digested into amino acids
by soluble peptidases. The narrow size of the proteasomal
catalytic pore suggests that protein substrates need to be
partially unfolded prior to entry into the 20S subunit. Thus,
protein complexes and aggregates can only be digested if
disassembled, which makes them poor proteasome substrates
[18]. In contrast to the UPS, autophagy is restricted to the
cytoplasm but is capable of degrading a much wider spectrum
of substrates, which, on average, tend to be longer-lived and
bulkier. These include functional or misfolded soluble pro-
teins, protein complexes, oligomers, and aggregates. Al-
though the two pathways differ significantly, there appears
to be a certain overlap in function between the two degradative
pathways; it is speculated that ubiquitin coordinates the catab-
olism of cellular targets by both the UPS and autophagy.
Indeed, many proteins are known to be substrates of both
degradative systems, and in certain conditions, ubiquitylated
proteasomal substrates, which are normally degraded by the
UPS, can also be digested by autophagy and vice versa [19,
20]. Moreover, misfolded protein aggregates, which are often
polyubiquitinated, can contribute to the pathogenesis of many
human diseases [21]. Notably, proteasome functions are often
impaired in these cases and are likely not able to degrade the
aggregate fully [22–24]. Autophagic vacuoles were frequently
found in these cases [22, 25, 26] and, indeed, autophagy has
been shown to be able to participate in the removal of

misfolded/unfolded proteins or protein aggregates [27–31].
These studies indicate that impairment of proteasome activity
was found to activate autophagy, which was thought to be a
compensatory mechanism allowing the cell to reduce the
levels of UPS substrates. Some potential overlap may result
from incomplete specificity of the different adaptor molecules
that have been proposed to retrieve ubiquitylated substrates
for each degradative pathway. These proteins have emerged as
important players in mediating this cross-talk, including his-
tone deacetylase 6 (HDAC6) [32], neighbor of BRCA1 gene 1
(NBR1), p62/sequestosome 1 (p62) [33], and the FYVE-
domain containing protein Alfy [34]. Notably, these proteins
have all been found to regulate or be essential for aggresome
formation.

Impaired autophagy also leads to the impaired degradation
of specific UPS clients. The data suggested that the decreased
UPS flux in autophagy-compromised cells was not due to
impaired catalytic activity of proteasomes isolated from them.
Instead, the block in the UPS function is mediated by accu-
mulation of p62, as its knockdown rescued the levels of UPS
substrates in autophagy-deficient cells [35]. In addition, over-
expression of p62 alone was sufficient to inhibit the UPS, an
effect partially dependent on its UBA domain. Since p62
competes with other ubiquitin-binding proteins involved in
proteasomal degradation, like p97/valosin-containing protein
(VCP), for binding to ubiquitylated proteins, we proposed that
elevated levels of p62 may deny such shuttling proteins access
to ubiquitylated UPS substrates [36]. Thus, p62 has been
implicated in two different, but not mutually exclusive, mech-
anisms of cross-talk between the UPS and autophagy.

Unfortunately, there is little consensus on the exact mech-
anism(s) of this cross-talk, as several potential explanations
have been suggested. One such proposed mechanism involves
ER stress is critical for autophagy induction and is in turn
mitigated by autophagy [37].

The Autophagy Flux

Genetic, biochemical, and morphological studies have dem-
onstrated that macroautophagy is a multi-step process. Au-
tophagy starts with the formation of double-membraned cis-
ternae that subsequently engulf cytoplasmic organelles to
form double-membrane vacuoles, known as autophagosomes
(APs), which expand around portions of the cytoplasm con-
taining proteins, aggregated proteins, and organelles, and then
sequester cargo and fuse with acidic lysosomes to form
autolysosomes. Hence, the appearance of APs under transmis-
sion electron microscopy (EM) is a morphological hallmark
unique to autophagy. Most mature APs are approximately 0.5
to 1 μm in diameter; they can fuse with endocytic pathway
vesicles including early endosomes, multivesicular bodies
(MVBs), and late endosomes thus forming amphisomes.
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Eventually, the AP fuses with the lysosome, becoming an
autolysosome, and the acidic hydrolases within break down
the captured components to macromolecules and amino acids
that are released back to the cytosol by transporters and
permeases delivered with the lysosomal membrane. After
degradation by autophagy, the recycled products can be used
in biosynthetic pathways and to generate new proteins [38,
39].

Autophagy Machinery

An understanding of the molecular mechanism of mammalian
macroautophagy was less well known, until a group of
autophagy-related genes (Atgs) and their encoded proteins
(ATGs) was recently discovered only within the last couple
of decades [40, 41]. Currently, there are 35 known ATG
proteins involved in both autophagy and cytoplasm-to-vacu-
ole-targeting (Cvt) pathway (a biosynthetic autophagy-like
pathway) in yeast and most, if not all, human counterparts of
the autophagy-specific proteins that have been discovered
[40]. The core machinery can be grouped into six functional
units: (1) the ULK1 kinase complex (ULK:Atg13:FIP200) for
the induction of autophagy, (2) Atg9 for recycling membrane,
(3) class III phosphatidylinositol 3-kinase (PI3K) complex
(Vps34-Beclin1-Vps15) for vesicle nucleation, (4) phos-
phatidylinositol 3-phosphate[PI(3)P]-binding Atg2-Atg18
complex (WIPI1/2 in mammals), (5) Atg12-Atg5-Atg16L
conjugation system, and (6) LC3 conjugation system involv-
ing phosphatidylethanolamine (LC3-PE) for membrane ex-
pansion [42]. These six functional groups act at an early stage
in the autophagy pathway and are recruited to the phagophore.
We now know it requires these components as well as other
cytosolic proteins and intracellular organelles such as the
endoplasmic reticulum (ER), Golgi apparatus, and perhaps
mitochondria, in addition to the endosome-lysosome system,
to control autophagosome formation and thus the rate of
degradation of sequestered material and cellular energy levels
(Fig. 1).

Here, we present each step separately, accompanied by an
indication of genes associated with each sub-process.

Autophagic Induction

Autophagosome formation appears to start at pre-
autophagosomal structures (autophagosome precursor; also
known as phagophore)-assembly sites (PAS). The source of
the membrane is unclear, although recent data support a
contribution from the ER [43]. Autophagosome initiation
and formation in yeast is centrally controlled by the
Atg1:Atg13:Atg17 complex [44–46]. This complex recruits
multiple autophagy proteins to a site called the pre-
autophagosomal structure (PAS) [47], where it is thought to

play a critical role in autophagosome formation [48, 49].
Unfortunately, detailed structural information regarding the
PAS is not currently available, and it is even unknownwhether
it is a membranous structure. Equivalent structures have not
been observed in mammalian cells.

It has recently been shown that the mammalian counterpart
of this complex is ULK:Atg13:FIP200 (200-kDa focal adhe-
sion kinase family-interacting protein) [50–52]. The two
mammalian homologues of serine/threonine protein kinase
Atg1, unc-51-like kinase-1 (ULK1) and unc-51-like kinase-2
(ULK2), and the homologue of Atg17, FIP200, interact with
mammalian Atg13 to form a stable complex, which is located
at the phagophore during starvation. Recent evidence suggests
that the structure and function of the ULK:Atg13:FIP200
complex in mammals differ from those of the equivalent
Atg1 complex in yeast. The ULK:Atg13:FIP200 complex is
a stable complex that is not regulated by nutrition conditions.
Inactivation of mTOR by starvation or rapamycin activates
ULKs and results in phosphorylation of Atg13 and FIP200.
This differs from what is observed in yeast, where the inacti-
vation of TOR increases the binding affinity of Atg1 to Atg13
and Atg17 [53]. Moreover, two teams identified a novel
mammalian Atg13 binding protein, named Atg101. Atg101
shows no homology with other Atg proteins and is conserved
in various eukaryotes, but not in Saccharomyces cerevisiae.
Atg101 is essential for autophagy and contributes to Atg13
function by protecting Atg13 from proteasomal degradation
[54, 55]. Corroborating the importance of ULK1 and its
interactions with its adaptor proteins and mTOR itself for the
initiation of autophagy, a recent study of the hierarchy of
mammalian autophagy proteins places ULK1 and FIP200 as
the most upstream at the site of autophagosome formation.

Nucleation

In mammals, the nucleation and assembly of the initial
phagophore membrane is dependent on the class III phos-
phatidylinositol 3-kinase (PI3K) complex. The class III
PI3K (Vps34) is associated with Beclin 1 (Atg6) and p150,
the homologue of Vps15 (phosphoinositide-3-kinase, regula-
tory subunit 4), to form the Vps34/class III PI3K core complex
[56, 57]. Active Vps34 will phosphorylate phos-
phatidylinositol (PtdIns) to form phosphatidylinositol-3-
phosphate (PtdIns3P) in the membrane platform for the for-
mation of autophagosomes, thus creating PtdIns3P-rich
omegasomes [58, 59]. This PtdIns3P serves as a recruitment
signal for other autophagy proteins, which then positively
regulate the further elongation of the phagophore.

There are several studies, conducted in both yeast and
mammalian cells, indicating that Beclin 1 is a molecular
platform which interacts with many proteins regulating au-
tophagy and phagocytosis as well as the endosome-to-Golgi
vacuolar retrieval pathway [56, 60–62]. Beclin 1 is an adaptor
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protein, which via its interacting proteins, called the Beclin 1
interactome, can either stimulate or suppress the onset of
autophagy. It has been increasingly recognized that mamma-
lian Beclin 1 protein assembled two core complexes, Atg14L
or UVRAG complexes. Atg14L (the probable mammalian
homologue of yeast Atg14) exists primarily in a Beclin1-
Atg14L-Vps34-Vps15 complex that is essential for the
phagophore formation and thus stimulating autophagocytosis
[56, 63], and UV radiation resistance-associated gene
(UVRAG) is present in a Beclin1-UVRAG-Vps34-Vps15
complex that controls other Beclin 1-dependent functions,
e.g., phagocytosis. Atg14L and UVRAG are located in the
Beclin1-Vps34-Vps15 complex in a mutually exclusive man-
ner [64]. These two proteins are cellular targeting proteins
which direct the Beclin 1-Vps34-Vps15 complexes to their
distinct cellular locations, i.e., Atg14L to specialized
subdomain of the ER, called the omegasome and UVRAG
mostly to the membranes of endosomes and cell surface [65].
Other additional proteins, including Beclin 1-regulated au-
tophagy (Ambra) [66], Bax-interacting factor 1 (Bif1) [67],
PTEN-induced putative kinase 1 (PINK1), neuronal isoform
of protein interaction, specifically with TC10 (nPIST) [68],
IP3 receptor (IP3R) [69], the pancreatitis-associated protein,
vacuole membrane protein 1 (VMP1) [70], and high mobility
group box 1 (HMGB1) [71], have also been identified as
Beclin1-interacting proteins upregulating autophagy. Recent-
ly, further insights have been provided into the mechanisms
behind starvation-induced autophagy. Starvation induces Jun
N-terminal kinase 1 (JNK1) activity, which phosphorylates
Bcl2, thereby disrupting the interaction between Beclin 1 and
Bcl-2 and inducing autophagy [72]. This mechanism might
also account for the upregulation of autophagy after protea-
some inhibition or ER stress, as one study showed that ER

stress-induced autophagy is JNK1-dependent and that protea-
some inhibition can induce ER stress [37].

In contrast to these positive regulators, there are negative
regulators among Beclin1-interacting partners. Anti-apoptotic
proteins BCL2 (B cell Lymphoma) and other Bcl-2 family
members: Bcl-XL, Bcl-w and Mcl-1 and viral Bcl-2 proteins,
bind to Beclin1 through their BH3 domain and inhibit autoph-
agy by disrupting the interaction between Beclin1 and Vps34/
class III PI3K complex [60]. The Bcl-2/Beclin 1 interaction is
clearly an important checkpoint in autophagy induction upon
starvation or treatment with many different compounds. In
normal conditions, Bcl-2 inhibits Beclin 1, while upon stress
Beclin 1 dissociates from Bcl-2, allowing the activation of
Vps34 and the subsequent stimulation of autophagy [73]. The
ability of Beclin 1 to switch between the two complexes can
be regulated by the phosphorylation of Bcl-2 by JNK1 [72] or
phosphorylation of Beclin 1 by DAPK [73]. Moreover, RUN
domain- and cysteine-rich domain-containing Beclin1-
interacting protein (Rubicon) negatively regulates
autophagosome maturation by interacting with Beclin 1 in
contrast to Atg14L [74] (Fig. 2).

Membrane Flow During Autophagosome Formation

Atg9 and its mammalian ortholog(mAtg9 or Atg9L1) are the
only characterized integral membrane proteins required for
both autophagosome and Cvt vesicle formation [75]. Recent
publications have revealed that Atg9 is in fact a key regulator
of autophagy induction [76]. Atg9 provides membranes for
the formation of the PAS in yeast [77] and possibly also in
mammalian cells during starvation [78] and selective types of
autophagy [79, 80]. Under normal conditions, Atg9L1 traffics
between the trans-Golgi network (TGN) and late endosomes

Fig. 1 Steps of autophagy and a
series of autophagy-related (Atg)
proteins involved in the specific
processes of autophagy in
mammal cells
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[81] but, in response to starvation, several Atg9L1 vesicles
assembled individually into the pre-autophagosomal structure,
and eventually, they are incorporated into the autophagosomal
outer membrane [82]. However, Atg9L1 is absent from the
completed vesicles, suggesting that it is retrieved before the
vesicle sealing/completion step. Recent studies reveal that
Atg9 cycles between the mitochondria and the PAS vesicle
assembly site [83]. These characteristics make Atg9L1 a
potential membrane carrier for vesicle formation. The putative
role of Atg9L1 is to carry lipids and/or serve as a platform for
recruiting effectors to the phagophore. More recent studies
have also implicated Atg9L1 to be located in the outer mito-
chondrial membrane [84] and even the plasma membrane
[85], suggesting that multiple membrane sources may contrib-
ute towards autophagosome biogenesis.

Elongation

Although the initiation of autophagy is well described, the
exact mechanisms that contribute to elongation and closure of
the phagosomal membrane are less understood. Two systems,
ATG12-ATG5-ATG16L1 and LC3-PE (Microtubule-associ-
ated Light Chain 3-Phosphatidyl Ethanolamine) complexes,
are essential for the forming autophagosome to expand and act
sequentially [86]. Atg5 and Atg12 are involved in the first of
two ubiquitylation-like reactions that control autophagy.
Atg12 is conjugated to Atg5 in a reaction that requires Atg7
[ubiquitin-activating-enzyme(E1)-like] and Atg10 [ubiquitin-
conjugating-enzyme(E2)-like]. Atg5-Atg12 conjugates are lo-
calized onto the PAS and dissociate upon completion of
autophagosome formation. The process of Atg5-Atg12 con-
jugation depends on Vps34 function, and Vps34 activity,
along with autophagy, is positively regulated by the small
GTPase Rab5. Atg5-Atg12 interacts non-covalently with
Atg16L (Atg16-like) to form a complex of approximately
800 kDa [87]. The second ubiquitylation-like reaction in-
volves the conjugation of microtubule-associated protein 1
light chain 3 (MAP1-LC3; also known as Atg8 and LC3) to
the lipid phosphatidylethanolamine (PE). LC3 is cleaved at its
C-terminus by Atg4 to form cytosolic LC3-I, which is cova-
lently conjugated to PE to form membrane-associated LC3-II,

a process that requires the activities of Atg7 (E1-like) and
Atg3 (E2-like) [88]. The Atg5-Atg12 conjugate seems to
modulate LC3-I conjugation to PE by acting in an E3-like
fashion [89] and the location of the Atg5-Atg12:Atg16L com-
plex at the phagophore dictates the location of the LC3 con-
jugation reaction [90]. In this way, LC3 is specifically targeted
to Atg5-Atg12-associated membranes, which are expanded
phagophores. The LC3-PE system also involves cargo recog-
nition through interactions with p62/SQSTM1 (Sequestosome
1), NBR1 (Neighbor of BRCA1 gene), and NDP52 (Nuclear
Dot Protein 52) [91].

The lipidated LC3 (LC3-II) then associates with newly
forming autophagosome membranes. LC3-II remains on ma-
ture autophagosomes until its fusion with lysosomes [92]. The
conversion of LC3-I to LC3-II is thus widely used as a marker
for autophagosome formation. However, the increase of LC3-
II alone is not enough to show autophagy activation because
the inhibition of LC3-II degradation in the lysosome by the
impaired autophagy flux can also cause its accumulation.
When the autophagosome is formed, the Atg12-Atg5:Atg16L
complex leaves the autophagosome, and the pool of LC3
associated with the autophagosomal cytosolic surfaces is
cleaved from the PE by the protease Atg4 and recycled.
Cross-talk between the two ubiquitylation-like systems has
also been suggested. Atg10 can interact with LC3-I and facil-
itate LC3-I conjugation to PE [93]. Similarly, Atg3 co-
immunoprecipitates with Atg12, and overexpression of Atg3
increases Atg5-Atg12 conjugation [94].

Despite the extensive involvement of these two ubiquitin-like
conjugation systems in autophagy, the presence of Atg5-, Atg7-,
and LC3-independent autophagy pathways has been reported
[95]. This pathway of autophagy was not associated with LC3
processing but appeared to specifically involve autophagosome
formation from late endosomes and the trans-Golgi [95]. Atg7-
independent autophagy had been implicated in mitochondrial
clearance from reticulocytes [96], and it has consistently been
shown that Ulk-1 (amammalian homologue ofAtg1) is required
for both reticulocyte clearance of mitochondria [97] and, along
with Beclin-1, for Atg5/Atg7-independent autophagy [95]. The
exact molecular basis of Atg5/Atg7-independent autophagy
remains to be elucidated (Fig. 2).

Fig. 2 Two distinct Vps34
protein complex involved in
autophagy in mammalian cells
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Maturation (Fusion with Lysosomes)

The late stage of autophagy depends on molecules that regu-
late the maturation of autophagosomes, including their fusion
with endosomes and lysosomes, as well as on the acidification
of the autophagic compartments, and the recycling of metab-
olites from the lysosomal compartment. These steps are of a
fundamental importance for the flux (defined here as extend-
ing from the cargo sequestration step to that of its lysosomal
degradation) of material through the autophagic pathway [98].
Any blockade in the maturation of autophagosomes, fusion
with the lysosomal compartment, or impairment of the lyso-
somal function or biogenesis would result in an accumulation
of autophagosomes that would inevitably slow down or inter-
rupt the autophagic flux [99, 100]. Jaeger et al. observed that
the deficiency in Beclin 1 expression markedly reduced the
level of Vps34 protein and subsequently impaired the degra-
dation of autophagosomes in cultured cells. They also report-
ed that the inhibition of autophagosomal-lysosomal fusion
with bafilomycin A triggered the accumulation of large,
APP-containing vesicles in the perinuclear space and down-
regulated the levels of Beclin 1 and Vps34 proteins [101].
This implies a negative feedback mechanism, which could
block the initiation of autophagy if the maturation of
autophagosomes is impaired.

Although it is unclear how exactly autophagosomes fuse
with lysosomes, their fusion is known to require several
proteins such as LAMP2, the Rubicon-UVRAG complex,
soluble N-ethylmalemide sensitive factor attachment protein
receptor (SNAREs), homotypic fusion and protein sorting
(HOPS), Ras [rat sarcoma] like in rat brain (Rab),
endosormal sorting complex required for transport (ESCRT),
and LC3 [3, 102, 103]. Once the autophagosome fuses with
lysosomes, cytosolic components are degraded by hydrolases
and lipases.

Signals for Autophagosome Formation

Several signaling pathways seem to regulate autophagy in
mammalian cells. Similar to yeast, the classical pathway in-
volves the serine/threonine kinase, mammalian target of
rapamycin (mTOR). Various pathways and small molecules
regulating autophagy via mTOR and mTOR-independent
mechanisms have been identified in recent years.

mTOR-Dependent Pathway

The mTOR pathway involves two functional complexes: a
rapamycin-sensitive mTOR complex 1 (mTORC1), which
inhibits autophagy, consisting of the mTOR catalytic subunit,
regulatory associated protein of mTOR (raptor), G protein β-

subunit-like protein (GβL; also known as mLST8), and
proline-rich Akt substrate of 40 kDa (PRAS40); and mTOR
complex 2 (mTORC2) consisting of mTOR, rapamycin-
sensitive companion of mTOR (rictor), GβL, SAPK-
interacting protein 1 (SIN1), and protein observed with rictor
(PROTOR) that is not a direct autophagy regulator [104].

Key upstream regulators of mTORC1 include the class I
phosphoinositide 3-kinase-Akt pathway, which keeps
mTORC1 active in cells with sufficient growth factors, and
the AMP-activated protein kinase (AMPK) pathway that in-
hibits mTORC1 upon starvation and calcium signals [105,
106]. Especially, mTORC1 requires Rag GTPase, Rheb, and
Vps34 for its activation and subsequent inhibition of autoph-
agy in response to amino acids [107, 108]. Energy levels are
primarily sensed by AMPK, a key factor for cellular energy
homeostasis. In low energy states, AMPK is activated and the
activated AMPK then inactivates mTORC1 through
TSC1/TSC2 and Rheb protein [109]. The tumor suppressor
gene, p53, has been reported to play a dual role in autophagy
via the mTOR pathway [110, 111], with some studies sug-
gesting transcription-dependent and transcription-
independent positive regulation of autophagy [112, 113] and
other studies suggesting the negative regulation of autophagy
by wild type and mutant forms of p53 in the cytoplasm [114,
115].

p70S6 kinase or S6K, homologue of Sch9, is a downstream
target of mTORC1. In mammals, the S6K1 [116] is a positive
regulator of autophagy, whereas yeast Sch9 is a negative
regulator [117]. The mechanism by which S6K promotes
autophagy may involve synthesis of proteins that participate
in autophagosome formation and maturation [118, 119] or
modulation of pathways that directly regulate autophagy.
While autophagy is a beneficial process that recycles cellular
contents for survival, excessive self-eating can cause cell
death. Thus, placing a positive regulator of autophagy under
the control of mTOR ensures that extended starvation leading
to mTOR inhibition prevents unrestrained autophagy, which
causes cell death [120]. The negative role of mTOR and the
positive role of S6K in autophagy may provide a balance in
the levels of autophagy over extended periods of nutrient
deprivation.

Another downstream target of mTOR involved in regulat-
ing excessive autophagy is death-associated protein 1 (DAP1)
[121]. Under amino acid deprivation, decrease in mTOR-
mediated DAP1 phosphorylation restores the anti-autophagic
function of DAP1. Thus, DAP1 reactivation in the absence of
mTOR function prevents excessive autophagy during
nutrient-deprived condition. mTORC1 can also regulate au-
tophagy by unknown mechanisms that are rapamycin-
insensitive [122]. Finally, mTORC2 can negatively regulate
autophagy indirectly through Akt [123, 124].

Intriguingly, a recent study suggests that mTOR signaling
is inhibited during autophagy initiation, but reactivated upon
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prolonged starvation. As a consequence, reactivated mTOR
attenuates autophagy and generates proto-lysosomal tubules
and vesicles that extrude from autolysosomes. These mature
into functional lysosomes, thereby restoring lysosome homeo-
stasis [125]. This negative feedback mechanism ensures the
reversion of autophagy upon nutrient replenishment and as
such prevents excess cytoplasmic vacuolization, which could
lead to autophagic cell death [126–128].

mTOR-Independent Pathway

Besides TOR, Ras signaling also plays a role in autophagy
regulation by growth factors. Two downstream effector cas-
cades of Ras, the Ras-PtdIns3K and Ras-Raf-1-ERK1/2 path-
ways, are likely to oppose each other in autophagy regulation
through signaling in response to growth factors versus the
absence of amino acids [39]. Other mTOR-independent au-
tophagy activation pathways have been reported including
that induced by lithium chloride, which appears to act through
modulation of myo-inositol-1,4,5 triphosphate (IP3) levels
[129]. Although conflicting data does exist, one group reports
that resveratrol also drives autophagy independent of mTOR
by activating sirtuins that deacetylate Atg’s, which activates
autophagy [115]. Mammalian PKA negatively regulates au-
tophagy either by directly phosphorylating LC3 [130] or by
activating TORC1, which inhibits autophagy [131]. Autoph-
agy is also modulated by reactive oxygen species (ROS).
Starvation (a potent inducer of autophagy) increases levels
of ROS in a PI3K-dependent manner, and treatment with
antioxidants ameliorates the ability of starvation to induce
autophagy [132]. One way in which ROS may be acting to
regulate autophagy is by the modulation of the action of Atg4
on Atg8/LC3 [133]. It is possible that under oxidative condi-
tions Atg4 is oxidized and inactive, which allows Atg8 to
lipidate and thus initiates autophagy, while reduced Atg4 is
active favoring Atg8 delipidation. A recent study showed that
small-molecule enhancers of the cytostatic effects of
rapamycin (called SMERs) induce autophagy independently
of mTOR [134]. c-Jun NH2-terminal kinase 1 (JNK1) may
induce autophagy by phosphorylating Bcl-2 or Bim and
abolishing their inhibitory effects on autophagy [72].

Autophagy in Neurons

Neurons are differentiated cells with a polarized cell body.
Their viability and function is closely connected to the avail-
ability of trophic factors (including for example neurotrophins
like nerve growth factor (NGF)) but also critically depends on
active membrane transport connecting the distant cell body
with dendrites and axons. Neurons, because of their extreme
polarization, size, and post-mitotic nature may be particularly

sensitive to the accumulation of aggregated or damaged cyto-
solic compounds, or membranes [135]. Thus, the beneficial
roles of autophagy in nervous system are mainly associated
with maintenance of the normal balance between the forma-
tion and degradation of cellular proteins.

Recent findings show that autophagy in neurons is indeed
constitutively active [136, 137] and that autophagosomes
accumulate rapidly when their clearance is blocked [138],
indicating fast basal turnover. Reports using mutant mice
lacking the autophagy-related genes Atg5 or Atg7 indicate
an active role of basal autophagy in maintaining neuronal
homeostasis [53, 137]. Another physiological role for neuro-
nal autophagy was shown using mutant mice that display a
specific loss of Atg7 in Purkinje neurons [139, 140]. This
study reveals the indispensability of autophagy in the mainte-
nance of axonal homeostasis and the prevention of axonal
dystrophy and degeneration.

Multiple studies have suggested that the levels of lipidated
LC3 and the numbers of autophagosomes detected in neurons
are relatively low in normal as well as nutrient withdrawal
conditions [141, 142]. One hypothesis is that autophagosomes
are formed normally, but there is an extremely high rate of
turnover of autophagosomes due to efficient autophagic/
lysosomal degradation in neurons [143]. An alternate hypoth-
esis, however, is that autophagosome synthesis is tightly con-
trolled in neurons; the constantly low rate of formation of
typical autophagosomes may be sufficient to maintain the
homeostatic balance. Perhaps, neurons are prevented from
undergoing extensive autophagy induction in response to
starvation because this could lead to loss of mass and cells,
as neurons cannot be regenerated. When an organism encoun-
ters a period of nutrient deprivation, the brain is typically
shielded by peripheral production of nutrients through autoph-
agy, ensuring that they can maintain essential normal function
regardless of such conditions. Future studies of the unique
regulation of autophagy in neurons should examine these
possibilities.

An Influence of Neuronal Subtype

Acute stressors such as axotomy or nerve crush lead to a rapid
accumulation of autophagosome-like vesicles in axon termi-
nals as well as the soma [144, 145]. These data indicated that
autophagosome-like structures could be formed at the cell
body, but importantly, may also be created distally in the axon.
A membrane source for creating autophagosomes distally is
readily available: the neuronal ER is not limited to the soma,
but also found in the axons and terminals [146]. In light of the
length of neurons, the ability to locally create autophagosomes
would increase the efficiency of macroautophagic clearance
by sequestering the cargo. Studies suggest that not only could
cargo be sequestered distally, but autophagosomes could ma-
ture and form amphisomes while being transported
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retrogradely back to the soma [147–149]. These findings
suggest that neuronal autophagy may be adapted to different
neuronal functions in different subcompartments, and the
degree of functional subcompartmentalization (soma, axons,
and dendrites) of the neuron distinguishes it from other cell
types.

Historically, both a proregenerative and prodestructive role
for macroautophagy had been proposed: in the first instance,
autophagosomes clear and recycle the damaged material to
promote an environment that permitted axonal regeneration.
In the latter instance, the induction of macroautophagy would
promote cell death to eliminate the damaged cell [150]. Re-
cently, new genetic and molecular tools have begun to estab-
lish that both models are likely correct and the interplay
between neurons and glia may underlie how macroautophagy
can be toxic in one cell type and protective in another [151,
152]. It is also possible that the basal dependence on
macroautophagy by a neuron may indicate how it responds
to macroautophagic induction. For example, the Purkinje cells
of the cerebellum have been shown to rely heavily on
macroautophagy to survive [139]. Thus, under conditions of
excitotoxic stress, the autophagosome accumulation observed
in axonal swellings is thought largely to be protective [68,
153]. In contrast, dopaminergic neurons depend less on
macroautophagy for everyday survival [154]. A strong induc-
tion of macroautophagy in these neurons due to stress may,
therefore, lead to an end-stage response that is destructive.
Adding to the complexity, a recent study shows that cultured
neurons from male rats more readily undergo autophagy in
response to 24 h of nutrient deprivation compared to female
neurons [155], indicating gender differences in autophagic
capacity of neurons.

Autophagy Signaling in Neurons

Although autophagy occurs in virtually all cell types, and
likely involves highly conserved molecular machinery,
emerging evidence suggests cell type/tissue-specific regula-
tion of autophagy. The investigations as to whether autophagy
signaling in neurons requires mTOR have yielded somewhat
mixed results. Some evidence has been provided that mTOR
inhibition by rapamycin does indeed induce autophagic flux
in neurons [53, 156, 157]. Importantly, Young et al. showed
that insulin was the key factor and that the absence of insulin
induced autophagy in primary neurons, in an mTOR-
dependent manner [158]. However, other evidence points to
an mTOR-independent mechanism [159–161], and in fact, a
small molecule screen for inducers of autophagy in neuroblas-
toma cells found compounds that induced autophagy through
distinct mechanism from rapamycin [162]. Recently, a siRNA
screen searching for inducers of basal autophagy in neuro-
blastoma cells suggested that the Vps34 kinase complex but
not mTORC1 regulates autophagy [163]. Taken together,

these data suggest that there are parallel signaling pathways
that regulate neuronal autophagy with distinct mechanisms.

Despite the observations noted above regarding autoph-
agy signaling in neurons, it remains unknown whether or
not similar results occur in the intact brain in vivo. It has
been shown that neuronal autophagy can be induced by
hypoxic/ischemia, overexcited glutamate receptors (caused
by excitotoxic stimuli such as NMDA and kainic acid),
methamphetamine, proteasome inhibition, and secondary
to alterations in lysosomal enzyme activity or lipid storage
[141]. New research adds other signaling pathways includ-
ing IGF-1 [164], Cdk5/endophilin B1(Bif-1) [165], JNK/
FoxO [166], and mutant LRRK2 [167] to the list of autoph-
agy inducers in pathophysiological conditions. Carra et al.
demonstrated that HSPB8 in complex with BAG3 and
Hsp70 can stimulates autophagy and thereby enhance the
clearance of protein aggregates which arise during neuro-
degenerative diseases [168]. HspB8·Bag3 activity was in-
dependent of the ER stress kinase PERK, demonstrating
that its action is unrelated to ER stress and suggesting that it
activates stress-mediated translational arrest and autophagy
through a novel pathway.

Neuroprotective Versus Neurotoxic Role of Autophagy

Growing evidence supports the view that autophagy is essen-
tial for maintaining neuronal homeostasis: (i) deficiency in
this pathway leads to neurodegeneration and human genetic
diseases [169, 170]; and (ii) conditional knockout of key
autophagic genes, Atg5 or Atg7, leads to accumulation of
intracellular protein aggregates and neuronal death [139]. A
protective role of autophagy was also observed in neonatal
hypoxic/ischemia-induced brain injury [171]. Autophagy is
required for preconditioning-induced cell protection [172].
This protective effect is not simply a function of autophagy
liberating fuels for cells but appears to be related to a decrease
in the amount of the mitochondria (because of mitophagy).
This, in turn, results in less release of toxic molecules like
cytochrome c from the mitochondria in response to
proapoptotic insults. Koike and colleagues reported in vivo
evidence of neuronal cell death requiring autophagy in the
mammalian brain [173]. While most evidence points to au-
tophagy as a protective process in neurons, other studies also
provide genetic and cellular evidence that otherwise argues for
a role of autophagy in promoting neuronal death. Increased
autophagosome number has been observed during hippocam-
pal neuron death and, in fact, Atg7 is critical for neuronal cell
death after hypoxic/ischemia brain injury [174]. In another
model of neuronal cell loss, FTD, inhibition of autophagy
actually delays the neurodegeneration progression [175]. Al-
so, loss of the critical autophagy protein Atg7 increases resis-
tance to retrograde degeneration in axons after toxin injury
[152]. Perhaps basal autophagy in the brain is essential for
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neuronal homeostasis, but in the case of acute neural injuries
when autophagy is excessively induced, it can result in cell
death, termed “programmed cell death type II” (PCD II) or
“autophagic cell death” (ACD). This dichotomous role of
autophagy is the result of a complex relationship between
the autophagy and apoptosis pathways.

More recent studies have begun to dissect the autophagic
process in neurons under various stress or pathological con-
ditions. These studies suggest that, while accumulation of
autophagosomes can arise from increased production in some
cases [131], it can be caused by a mechanism that blocks
fusion and degradation of autophagosomes through lyso-
somes in other scenarios [53]. Under circumstances in which
lysosomes are destabilized or their function is compromised, it
is more likely that autophagy inhibitors attenuate autophagic
stress on compromised lysosomes by decreasing delivery of
autophagic cargo rather than by attenuating an overaggressive
auto-cannibalistic process. Indeed, healthy neurons in culture
seem to tolerate robust autophagy induction [176] except
when lysosomal function is also impaired. In situation where
the prevention of autophagy is neuroprotective, counteraction
of lysosome destabilization could be more suitable to the
mechanism of cytoprotection than is the blockade of authentic
ACD.

Impaired Autophagy in Neurodegenerative Diseases

Initial studies have revealed the accumulation of autopha-
gic vacuoles in the brains of Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease (HD)
patients [177, 178]. In addition, autophagy deregulation has
also been linked to amyotrophic lateral sclerosis,
frontotemporal dementia, and inclusion body myopathy
associated with Paget’s disease of the bone and
frontotemporal dementia [111, 179, 180]. More important-
ly, as the bulk degradative nature of autophagy would
enable the removal of intracellular protein aggregates, ex-
tensive efforts have been devoted to understanding whether
autophagy may be activated to eliminate these aggregated
proteins, and whether the presence of aggregates may be
attributed to malfunctioning of the autophagic pathway.
Although increasing studies suggest that aggregation of
the toxic species may actually be neuroprotective [177],
autophagy may still be important for removing the oligo-
meric form of the toxic proteins. Nonetheless, despite the
observation that elevated autophagy would facilitate pro-
tein aggregate degradation in HD, AD, PD, and amyotro-
phic lateral sclerosis (ALS) [181], recent advances reveal
that each neurodegenerative disease may harbor different
extent of autophagy deregulation, involving different steps
in the autophagic pathway (Table 1) (Fig. 3).

Alzheimer’s Disease

AD is a neurodegenerative disorder characterized by progres-
sive dementia and brain morphological changes such as atro-
phy, senile plaques with fibrillogenic beta amyloid (Aβ), and
intraneuronal neurofibril lary tangles (NFT) with
hyperphosphorylated tau. In AD brain, both APP proteins
and cleaved amyloid-β peptides, along with a high level of
PS1 protein, accumulate within the large pool of autophagic
vacuoles in swollen dystrophic neurites, suggesting that the
autophagy system is involved in AD pathogenesis [142].
Autophagy activation was found to be elevated after Aβ
stimulation and in APP/PS1 mice, an AD mouse model
[182, 183]. Importantly, compelling evidence indicates that
Aβ is generated in autophagic vacuoles during autophagy,
suggesting that autophagy activation in AD brains may exac-
erbate AD pathogenesis by increasing Aβ levels [142]. In
contrast to these early observations, later articles have indicat-
ed that the APP processing is not directly dependent on
autophagosome formation but it is driven by the APP sorting
through the cell surface to the early endosomes and subse-
quently either to the TGN or to the late endosomes, also called
multivesicular bodies [184–186].

Interestingly, elevated autophagy induction does not appear
to be the only abnormality in the autophagic pathway in AD,
the autophagic/lysosomal pathway is also implicated in the
degradation of APP and Aβ. Emerging data indicates that the
expression of Beclin 1 is reduced in AD brain, and thus
provokes the characteristic pathological changes observed in
AD brains [187, 188]. Moreover, the deficiency of Beclin 1 in
cultured neurons and transgenic mice provokes the deposition
of Aβ peptides whereas its overexpression reduces the accu-
mulation of Aβ [189]. These data raise the possibility that
upregulation of autophagy may be beneficial in AD by de-
creasing the levels of Aβ that characterize its pathology.

One possibility to reconcile this apparent discrepancy may
be that autophagosome synthesis is partially defective very
early on, possibly before overt pathology appears, and that the
Beclin 1 deficiency may play an important role in the genesis
of disease. Then, as disease progresses, there may be addi-
tional events that impair autophagosome clearance, leading to
a situation where, despite reduced autophagosome synthesis,
there is a build up of autophagosomes due to a “traffic jam” in
their removal processes. This may compound the autophagy
problem and further reduce autophagic flux. Furthermore, the
abnormal pool of slowly turned over autophagic vesicles may
additionally impact on AD pathology by serving as a site for
Aβ generation [142]. Recent studies indicated that, although
autophagic vacuoles are normally efficiently disposed of in
healthy neurons, clearance of autophagic vacuoles is impaired
in AD brains [53]. Furthermore, defective lysosomal proteol-
ysis may underlie further pathogenic protein accumulations
and neuronal cell death in AD. Knock down of PS1, a gene
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mutated in familial AD, leads to defects in autophagic vacuole
clearance, lysosomal acidification, and decreased lysosomal
proteolytic activity. Importantly, expression of PS1 mutants
associated with early-onset AD also results in similar abnor-
mality in the autophagic/lysosomal pathway [190].

In addition to regulating Aβ pathology, new data suggested
possible role of autophagy on modulation of tau level and
fragmentation. Both soluble and aggregated forms of tau are
degraded by autophagy, and autophagy inhibition elevates tau
aggregation and toxicity [191, 192]. In addition, rapamycin
treatment decreases tau pathology [191, 193]. Many recent
studies have revealed that the activation of autophagy can
inhibit the formation of tau pathology in transgenic mouse
models and subsequently ameliorate cognitive deficits
[194–196].

Hence, in AD, the maturation of autophagolysosomes and
their retrograde transport are impaired, which results in a
massive accumulation of AVs within degenerating neurites.
This combination of increased autophagy induction and de-
fective clearance of Aβ-generating AVs results in Aβ accu-
mulation [184]. Autophagy is now recognized as an arbiter of
neuronal survival and death decisions in Alzheimer’s disease,
and in full-blown Alzheimer’ disease, investigation of the

regulation of autophagosome maturation and movement es-
pecially to neuronal cell body/soma is a promising area [142,
197]. Thus, autophagy regulation and stimulation might serve
as a future therapy target for preventing and/or stopping
Alzheimer’s disease neuropathogenesis.

Huntington’s Disease

HD is an autosomal dominant neurodegenerative disorder
caused by a CAG trinucleotide repeat expansion in the
huntingtin gene. This expansion produces a mutant form of
the huntingtin (Htt) protein, which confers one or more toxic
functions to mutant Htt leading to neurodegeneration [198].
Individuals harboring alleles with between 36 and 40 CAGs
may or may not develop HD symptoms; those that do tend to
become symptomatic late in life. However, those with alleles
containing expansions greater than 40 CAGs repeats will
eventually develop symptoms of HD if they live long enough
[199]. The characteristic features of altered autophagy were
first observed in postmortem brains of HD patients [200].
Activation of autophagy by treatment with mTOR inhibitor
rapamycin attenuates htt toxicity in the fly [27]. This is further
supported by the observation that knock down of TOR

Table 1 Pathogenesis and a schematic of autophagy showing stages disrupted in selected neurodegenerative diseases

Neurodegenerative disease Pathogenesis Stages disrupted

PD Aggregation of PARK1, 2, 5, 6, 7, 8 and PINK1 mutants Inhibition (PARK1) or activation (PINK1) of autophagy
Lysosomal dysfunction CMA inhibition

HD Aggregation of mutant Htt Activation of autophagy
Defective cargo recognition

AD Aggregation of NF tangles, Aβ plaques Activation of autophagy
Impaired lysosomal fusion
Defective lysosomal proteolysis

ALS Aggregation of mutant SOD1, ESCRT and VCP Activation of autophagy
Inhibition of lysosomal fusion

Macrophagy

Chaprone-Mediate Autophagy

Fig. 3 Abnormal autophagic
processes associated with specific
neurodegenerative disease
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expression also attenuates neuronal loss [201]. Indeed, au-
tophagy has been implicated in the degradation of both solu-
ble and aggregated forms of cytosolic mutant htt [29, 202].
Despite the observed neuroprotective effect of autophagy
activation in HDmodels, the precise mechanism that underlies
autophagic dysfunction in HD is poorly understood. The
inefficient engulfment of cytosolic components by
autophagosomes has been proposed to be responsible for their
slower turnover and the accumulation of Htt in HD cells.
Recently, a defect in cargo recognition mediated by p62 has
been described in different cell models of HD. The mutant Htt
can interact with p62, impairing its ability to recognize cargo
aggregates and organelles [203]. For this reason, though the
synthesis of autophagosomes and their fusion to lyso-
somes is normal, their cargo content is decreased. This
leads to an accumulation of aggregates and organelles like
lipid droplets and mitochondria, which may contribute to
neurodegeneration.

Another mechanism underlying the intracellular accumu-
lation of mutant Htt is that the accumulated mutant Htt recruits
Beclin 1 and impairs the Beclin 1-mediated long-lived protein
turnover. Thus, the sequestration of beclin 1 in the vulnerable
neuronal population of HD patients might further reduce
Beclin 1 function and autophagic degradation of mutant Htt
[29].

Interestingly, expression of mutant htt itself also stimulates
autophagy [203, 204]. In addition, a recent study demonstrat-
ed that overexpression of a full-length htt that lacks the
polyglutamine stretch stimulates autophagy activation, in turn
facilitating clearance of mutant htt [205]. Together with the
observation that htt is structurally similar to autophagy regu-
lator mTOR and partially localizes with autophagosomes
[206], it is tempting to speculate that wild-type htt may play
a role in autophagy regulation and that the autophagy abnor-
mality in HD may also involve a loss of function scenario.

The initial increase in AVs and autophagy observed in HD
modelsmay represent an attempt to removemutant Htt protein
and over time the autophagymachinery becomes dysfunction-
al, leading to neurodegeneration. Thus, the therapeutic induc-
tion and recovery of autophagy might may enhance the clear-
ance of mutant Htt protein and reduce its toxic effect in HD
neurons. Upregulating autophagy can ameliorate symptoms
and pathology in many HD models. Inducing mammalian
target of rapamycin (mTOR)-dependent autophagy reduced
neurodegeneration in a fly HD model and improved behavior
and motor performance in mouse HD models [27, 202, 207].
Inducing autophagy independently of mTOR also reduced
mHtt aggregation and toxicity in various models [204,
208–210]. Rilmenidine, an imidazoline receptor 1 agonist,
induces autophagy, enhances mutant huntingtin clearance,
and reduces toxicity in an HD mouse model [210]. Since this
drug is a centrally acting hypertensive agent withminimal side
effects, it is currently being tested in a safety trial in HD

patients. While autophagy is a promising therapeutic target,
the degree of autophagy induction must be optimized if over-
active autophagy is detrimental, as seen in some circum-
stances [211].

Parkinson’s Disease

PD is one of the most common neurodegenerative disorders
and one of the first to be linked to autophagy. PD is caused by
the selective cell death of dopamine neurons in the substantia
nigra (SN) and is characterized by the presence of Lewy
bodies, which are the intracytoplasmic inclusions containing
α-synuclein and ubiquitin. The vast majority of PD cases are
sporadic with unknown etiology. However, approximately
5 % of cases are inherited. Early ultrastructural examinations
in PD patients revealed characteristics of apoptosis and au-
tophagy in the degenerating melanized neurons of the SN
[212]. Subsequently, the pathogenic role of autophagy in PD
was demonstrated by the finding that α-synuclein, a major
constituent of Lewy body, is degraded by macroautophagy
and CMA [213]. Misfolded α-synuclein oligomers can be
degraded by different catabolic pathways including CMA
and macroautophagy, and they accumulate in different patho-
logical situations underlying PD pathology [213, 214].

Emerging evidence has suggested that aberrant autophagy
is one of the underlying mechanisms for hereditary forms of
PD. Mutations of at least six genes have been linked with
hereditary PD: α-synuclein (SNCA or PARK1), Parkin
(PARK2), ubiquitin carboxyhydroxylase L1 (UCH-L1 or
PARK5), PTEN-induced putative kinase 1 (PINK1 or
PARK6), DJ-1 (PARK7), and leucine-rich repeat kinase 2
(LRRK2 or PARK8) [208]. Vast majority of these studies
showed that these genetic defects lead to autophagy impair-
ment [215]. For instance, abnormal expression of α-synuclein
can interfere with different types of autophagy. In fact, upreg-
ulation of wild-type (wt) α-synuclein leads to significant
inhibition of autophagy, and mutant forms of α-synuclein
A30P and A53T have been shown to inhibit CMA
[216–218]. Parkin and PINK1 are specifically involved in
the target (damaged mitochondria) recognition phase of
mitophagy [219, 220]. Hence, neurodegeneration in PINK1
and Parkin-positive familial forms of PD may result from a
defect in mitophagy, leading to the accumulation of damaged
mitochondria and excessive ROS production. In addition,
PINK1 significantly enhances basal and starvation-induced
autophagy, which is reduced by knocking down Beclin 1
expression or by inhibiting the Beclin partner Vps34 [221],
suggesting that beclin 1 plays an important role in the intra-
cellular degradation ofα-synuclein either directly or indirectly
through the autophagic pathway. A Beclin-independent au-
tophagic clearance of defective mitochondria and
ubiquitinated β-amyloid is also mediated by Parkin in
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Alzheimer’s disease models [222], implying that the protec-
tive role of Parkin and PINK1 is not restricted to PD.

Although neuronal autophagy appears primarily to be a
protective process in the nervous system, it can also play a
paradoxical role in neuronal death. Activation of autophagy
by various stressors, including starvation, MPP + treatment, or
overexpression of A53T-alpha-synuclein, results in neuronal
loss that are attributable to autophagy [223–225]. Treatment
with autophagy inhibitor 3-methylamphetamine (3-MA) or
knock down of Atg5 or Atg12 expression attenuates the
neuronal loss [165]. Oxidative stress, a major pathogenic
mechanism of PD, has been shown to increase autophagic cell
death in dopaminergic neurons by suppressing the expression
of Tnfaip8/oxidative stress-regulated gene-α (Oxi-α), which
encodes a novel mTOR activator [226]. These studies suggest
that pathogenic autophagy associated with neuronal death
does occur and may be distinct from basal neuronal autopha-
gy. In fact, the autophagic cell death, proposed to occur in SN
in response to excessive ROS and environmental toxins in
animal models and also in PD patients, results from the
interference in the last step of autophagy: lysosomal function,
rather than excessively enhancing autophagosome formation.
A recent review suggested lysosomal dysfunction as a unify-
ing feature of PD [227]. Hence, different forms of autophagy
play a critical role in homeostasis and mitochondrial clearance
of dopaminergic neurons in SN while genetic defects in au-
tophagy lead to the disease. Environmental parkinsonian
toxins also perturb autophagy, leading to autophagic stress in
dopaminergic neurons, but there is no agreement on the role of
autophagy in the cellular response to these toxins [228].
Future studies should clarify the mechanistic aspects of au-
tophagy dysregulation by parkinsonian neurotoxins and their
interplay with genetic defects implicated in PD. Hopefully,
understanding of these mechanisms will lead to the identifi-
cation of targets for pharmacological intervention and specific
drugs that correct dopaminergic dysfunction and prevent PD
progression.

Amyotrophic Lateral Sclerosis

ALS is a heterogeneous group of inexorable neurodegenera-
tive disorders characterized by a selective loss of upper and
lower motor neurons in the brain and spinal cord [229, 230].
Enormous efforts have continuously been made towards de-
fining the molecular pathogenesis of these devastating dis-
eases. The autophagic/lysosomal system is among the under-
lying mechanisms, whose dysfunction is tightly associated
with a variety of neurodegenerative diseases.

Indeed, the accumulation of autophagosomes was observed
in the spinal cord of sporadic ALS patients [231], indicating
autophagic dysfunction in ALS. Progressive enhancement of
autophagy and/or decrease of autophagic flux are detected in a
mutant SOD1 (SOD1G93A)-expressing ALS mouse model

[232]. Another study also demonstrated that autophagosome
formation was increased at the symptomatic stage and the
percentage of motor neurons that contained phosphorylated
mTOR/Ser2448 was decreased in the SOD1G93A transgenic
mice [233], which suggests the possibility that increased and/
or impaired autophagy underlies pathological phenomena in
this model. Two studies suggest that autophagic clearance of
mutant superoxide dismutase 1 (SOD1) is beneficial for motor
neuron loss in ALS. The heat-shock protein HspB8 increases
mutant SOD1 clearance by promoting autophagy in an ALS
mouse mode. Furthermore, the unfolded protein response
transcription factor X-box binding protein 1 (XBP-1) deficien-
cy in mice has been shown to protect against ALS by autoph-
agic induction and the subsequent degradation of mutant
SOD1 [234]. Among putative therapeutic agents for their
potential role in neuroprotection, agents promoting autopha-
gy, such as lithium and rapamycin, have been suggested to be
effective for the survival of motor neurons in ALS by autoph-
agic clearance of SOD1 [235].

Additional familial ALS genes have been found recently. A
mutation in an ESCRT protein causes ALS. Cells depleted of
ESCRT have inhibited autophagic degradation, due to im-
paired autophagosome-lysosome fusion, causing accumula-
tion of ubiquitinated aggregates [236]. Another protein mu-
tated in ALS is VCP , which also appears to regulate
autophagosome removal [237]. It is known that VCP is es-
sen t i a l fo r ma tu ra t ion of ub iqu i t in -con ta in ing
autophagosomes and mutant VCP toxicity is partially medi-
ated through its effect on TDP-43 protein, a major constituent
of ubiquitin inclusions that neuropathologically characterize
ALS [238]. It is likely that imbalance between initiation
(formation of autophagosomes) and/or maturation stages of
autophagic processes results in aberrant accumulation of
misfolded and/or aggregated proteins within cells. Such path-
ological conditions will contribute to the progression of this
disease by enhancing the accumulation of aggregate-prone
proteins, dysfunctional mitochondria, and increasing suscep-
tibility to cell death.

Autophagy in Brain Ischemia

The effect of autophagy activation in ischemic neuronal death
is still controversial. Koike et al. suggest a detrimental role,
reporting that Atg7-deficient mice have significant lower cell
death after hypoxic/ischemia [174]. Some recent studies have
suggested a possible role of autophagy and lysosome in me-
diating neuronal cell death in animal models of cerebral is-
chemia. Uchiyama et al. reported that in a mouse hypoxic/
ischemia model, many damaged neurons showed features of
autophagic cell death [239]. More recently, they further found
that hypoxic/ischemic brain injury induced autophagy in both
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neonatal and adult hippocampal pyramidal neurons, and the
death of pyramidal neurons was prevented by Atg7 deficiency
[239]. Moreover, Wen et al. showed that autophagy inhibitor
3-MA significantly reduced infarct volume after permanent
occlusion of the rat’s middle cerebral artery (pMCAO) [240].
However, it was repeatedly demonstrated that autophagy
plays an important role in protecting neurons from ischemia-
induced death. 3-MA and wortmannin, two autophagy inhib-
itors, significantly reduced Beclin 1 expression and switched
the mechanism of the cell death mode from apoptosis to
necrosis [171, 241], thus attenuating the ischemic insults.
Accumulation of p62 under hypoxic stress promotes neuronal
cell death, which was partly blocked by autophagy inducer
lithium chloride [242], supporting that autophagy promotes
neuronal cell survival under hypoxic stress.

Wang et al. demonstrated that induction of autophagy
contributes to the neuroprotection of nicotinamide
phosphoribosyltransferase (Nampt) in the early stage of cere-
bral ischemia [243]. A protective role of autophagy was also
observed in neonatal hypoxic/ischemia-induced brain injury
[171]. Autophagy is required for preconditioning-induced cell
protection [172]. Currently, it seems that elimination of dam-
aged mitochondria (mitophagy) and subsequent apoptosis
interruption could represent the most important mechanism
responsible for neuroprotective effects of autophagy in cere-
bral ischemia. The present study showed that the number of
damaged mitochondria was not reduced, rather increased after
brain ischemia. Accumulation of damaged mitochondria is
likely a result of imperfect autophagy [244]. Liu et al. suggest
that the autophagy pathway is upregulated moderately by
ischemia but fails to operate at the full capacity, probably
because of its impairment [245].

Cerebral ischemia results in damages to proteins, lipids,
and all intracellular components. As a repair mechanism,
autophagy is activated to eliminate damaged proteins that
accumulate within the neuronal cells. At this stage, autophagy
is prosurvival. If the ischemic stress persists for a long time,
the autophagy intensity is strengthened consistently. In this
case, not only the autophagy is further increased (“supply”)
but also the cellular burden of damaged and/or dysfunctional
macromolecules and organelles (“demand”) is increased.
Hence, it may be inadequate autophagy, rather than excessive
autophagy, that contributes to neuronal death after brain is-
chemia. Carloni et al. demonstrates that in neonatal hypoxic/
ischemia-induced brain injury, autophagy is induced in neu-
rons, but there is no change in the expression of Beclin 1 in
GFAP-positive cells [171]. Qin et al. observed the activation
of autophagy in astrocytes in both in vivo and in vitro cerebral
hypoxic/ischemia models. Although the molecular mecha-
nisms underlying the autophagic/lysosoal role in mediating
cerebral ischemic astrocyte injury remain to be determined,
the protective effects afforded by blocking autophagy suggest
that an autophagic mechanismmay at least partly contribute to

astrocyte injury induced by cerebral ischemia. Therefore,
therapeutic strategies to inhibit autophagy-induced astroglial
cell death might be helpful in seeking effective new target
treatments for cerebral ischemia [246]. Cui et al. proved that
inhibiting autophagy activation and maturation can reduce I/R
injury and improve cell survival in vivo and in vitro [247].
More recently, in the study of Gao et al., they suggested that
the neuroprotect ive effects el ici ted by ischemic
postconditioning (IPOC) are partially reversed by the autoph-
agy inducer, rapamycin [248]. The autophagic inhibitor 3-MA
can be used to reduce damage of fatal cerebral ischemia,
which may provide novel strategies for clinical treatment of
ischemic stroke [248]. However, several studies have reached
the opposite conclusion that autophagy activation is associat-
ed with protective effects conferred by ischemic precondition-
ing (IPC) and that inhibition of autophagy may aggregate
cerebral ischemic damage [171, 249]. Sheng et al. have dem-
onstrated that autophagy activation was involved in the neu-
roprotective mechanism of IPC and that rapamycin pretreat-
ment produced beneficial preconditioning-like effects, while
pretreatment with 3-MA suppressed the neuroprotective ef-
fects of IPC [250]. Causes for the inconsistency are unclear.
The different models of ischemia, the durations of the ische-
mic insults, and the different ages of animals are offered as
possible explanations. It is reported that autophagy is more
pronounced in adult mice than in neonatal mice subjected to
hypoxic/ischemia injury and autophagic cell death may be
more significant in mature animals [251]. Furthermore, al-
though IPC and IPOC are both beneficial to neuronal survival,
IPOC is conducted after reperfusion thus alters events after
ischemia but IPC is administered prior to ischemia. The pos-
sible mechanisms and the conducted timing are different
between the two maneuvers [252]. In addition, the timing of
rapamycin and 3-MA administration might be crucial to the
discrepancies.

Autophagy in Myelin Disease

Using explant cultures of dorsal root ganglion neurons,
Rangaraju et al. have found that autophagy promotes mem-
brane expansion in Schwann cells [253]. Lentivirus-mediated
shRNA shutdown of Atg12 abrogates the improvements in
myelin production, further demonstrating that autophagy is
critical for the observed benefits. Enhancement of protein
chaperones and upregulation of autophagy induced by dietary
restriction by intermittent fasting (IF) may decrease PMP22
aggregates and attenuate neuropathic behavioral and morpho-
logical phenotypes in a spontaneous mouse model of CMT1A
[254].

Upregulating autophagy in les oligodendrocytes in vitro
increased the number of cells forming membrane extensions.
Furthermore, by upregulating autophagy in vivo by
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intermittent fasting, both les and control animals had an in-
crease in the number of myelinated axons as well as an
increase in myelin sheath thickness [255]. Interestingly, dis-
ruptions in oligodendrocyte protein homeostasis have been
described in several CNS myelin disorders, including
vanishing white matter disease [256], multiple sclerosis
[257], and Pelizeaus-Merzbacher disease [258]. Therefore,
further investigation of this pathway may have broader impli-
cations for therapies to treat myelin disease.

Conclusion

The past several years have witnessed an extraordinary
advance in our understanding of the molecular signaling
involved in mammalian autophagy. In spite of those out-
comes, there remain specific challenges to our understand-
ing of autophagy in mammalian cells. From our knowl-
edge, autophagy is a major contributor to maintain cellular
homeostasis and metabolism. Mounting evidence has firm-
ly established the importance of neuronal autophagy in
both the normal functioning and pathophysiological con-
ditions of the brain. Moreover, under neuronal disease
conditions, a balanced level of autophagic flux can be
induced and activated for neuronal cell survival and for
the removal of toxic components in several neuronal dis-
eases. In contrast, an insufficient level of autophagy can
cause an abnormal level of flux and lead to neuropathy. We
anticipate that we will make significant progress in this
field and provide valuable knowledge to the design of
drugs targeted at autophagy in the treatment of neuronal
diseases.
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