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Neuronal autophagy is essential for neuronal survival and the maintenance of neuronal homeostasis. 
Increasing evidence has implicated autophagic dysfunction in the pathogenesis of Alzheimer's disease (AD). 
The mechanisms underlying autophagic failure in AD involve several steps, from autophagosome formation to 
degradation. The effect of modulating autophagy is context-dependent. Stimulation of autophagy is not always 
beneficial. During the implementation of therapies that modulate autophagy, the nature of the autophagic 
defect, the timing of intervention, and the optimal level and duration of modulation should be fully considered.
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Introduction

The term “autophagy” refers to a catabolic process in which 
cellular components, organelles, and misfolded proteins 
are degraded in lysosomes and recycled[1, 2]. Based on 
the mode of substrate delivery to lysosomes, autophagy 
is classified into three forms in most mammalian cells: 
chaperone-mediated autophagy, microautophagy, and 
macroautophagy[3, 4]. Macroautophagy (hereafter referred 
to as autophagy) is believed to be the main pathway. This 
form of autophagy involves the delivery of cytoplasmic 
cargo sequestered inside double-membrane vesicles to 
the lysosome for degradation[2]. Autophagy is initiated 
by the formation of double-membrane vesicles, called 
autophagosomes, which sequester cellular components in 
a non-degradative compartment. Autophagosomes are then 
transported along microtubules to the perinuclear region 
(which contains the highest concentration of lysosomes) 
where they fuse with lysosomes to form autolysosomes, 
in which the captured materials, together with the inner 
membrane, are degraded by lysosomal enzymes[2]. 
Autophagy is responsible for the quality control of essential 
cellular components by clearance of damaged proteins and 
organelles. It can also be induced in cells under stress to 
aid in adjusting to changes in the environment[2, 5, 6]. 

Autophagy plays a role in both health and disease. 
Increasing evidence has implicated autophagic dysfunctions 
in the pathogenesis of several neurodegenerative diseases, 
particularly Alzheimer's disease (AD). This review presents 
recent advances in understanding the physiological 
functions and the unique characteristics of neuronal 
autophagy, focusing on the mechanisms underlying 
defective autophagy in AD. Explorations of the regulation of 
autophagy in AD experimental models and their implications 
for the future therapeutic use of autophagic modulation in 
AD patients are also discussed.

Characteristics and Function of Autophagy in the 

Nervous System 

Characteristics of Neuronal Autophagy
Scarcity of autophagosomes in healthy neurons  
Autophagosomes are maintained at minimal numbers in 
healthy neurons. Previous studies using mice expressing 
green fluorescent protein-tagged microtubule-associated 
protein 1 light chain 3 (GFP-LC3) as an autophagosome 
marker showed that GFP-LC3-labeled autophagosomes do 
not occur in the brain, even after 48 h of food withdrawal[7]. 
This was further confi rmed in another study which showed 
that normally cultured cortical neurons rarely contain 
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autophagosomes, as identified by LC3 labeling or by 
ultrastructural analysis[8]. An electron microscopic study 
of brain biopsy specimens also confirmed the scarcity of 
autophagosomes in healthy neurons[9].
High efficiency of autophagosome clearance  The 
scarcity of autophagic vacuoles (AVs) in healthy neurons 
initially led to the assumption that baseline autophagy in 
neurons is relatively inactive, but this now seems unlikely. 
In fact, the processes of autophagosome formation, 
maturation, and digestion within lysosomes in normal 
neurons are constituently active and highly efficient. This 
has been highlighted by an insightful study which showed 
that blocking autophagosome clearance in cultured primary 
neurons by inhibiting lysosomal proteolysis causes rapid 
and marked AV accumulation without altering the induction 
of autophagy[8]. 

Then, the question arose as to how to interpret 
the seemingly contradictory scenario in which neuronal 
autophagy is highly active but autophagosomes are 
rarely detected. To answer this conundrum, a key point is 
that the presence of autophagosomes depends on both 
their rates of production and clearance by lysosomes[10]. 
Thus, the appearance of autophagosomes per se is not 
a measure of functional autophagy. Autophagic flux − the 
net rate of autophagosome content degradation through 
the autophagic pathway[11] − reflects the efficiency of the 
process. The efficient clearance of autophagosomes 
by basal autophagy accounts for the low levels of 
autophagosomes in healthy neurons. 
Role of Basal Neuronal Autophagy
Essential role of autophagy in neuronal homeostasis 
and survival  The post-mitotic nature of neurons 
predisposes them to the accumulation of unfavorable 
proteins and damaged organelles that are di luted 
through cell division in replicating cells. Neurons require 
active basal autophagy as a means of quality control 
for protection, especially under disease conditions, 
for the removal of misfolded proteins and damaged 
organelles. The importance of constitutive autophagy 
for neuronal protection has been highlighted by two 
landmark studies that showed that mice deficient in either 
of the essential autophagy genes, autophagy-related 5 
(Atg5) and autophagy-related 7 (Atg7), specifically in the 
central nervous system, exhibit progressive neuronal 
degeneration and massive neuronal loss within the first 

few months of life[12, 13]. Moreover, in Atg5-deficient or Atg7-
deficient neurons, diffuse abnormal intracellular proteins 
accumulate, and then a massive number of aggregates 
and inclusions develop. A number of additional studies in a 
variety of organisms have demonstrated that suppression 
of the autophagic pathway results in intraneuronal 
protein aggregates and neuronal degeneration[14, 15]. 
These studies provide strong evidence that continuous 
autophagy is normally responsible for clearing abnormal 
intracytoplasmic contents, which otherwise form protein 
aggregates, disrupt neuronal function, and ultimately lead 
to neurodegeneration.
Role of basal autophagy in the maintenance of axonal 
homeostasis  Neurons are typically composed of a soma, 
a dendritic tree, and an axon. As a highly specialized 
neuronal  compart  ment ,  the axon performs many 
autonomous functions distant from the soma[16]. The fact 
that the axon transfers proteins and organelles via long-
distance axoplasmic transport requires that the synthesis 
and anterograde transport of proteins and membrane 
be well-balanced by their clearance[17]. The products of 
endocytosis and autophagy are retrieved from axons by 
regulated retrograde organelle transport[17]. Accumulating 
evidence has revealed that, under normal conditions, 
autophagy is of particular importance for the maintenance 
of local axon homeostasis and protection against axonal 
degeneration[12, 13]. 

Autophagy is uniquely regulated within the axonal 
compartment, independent of the dendrites and soma. 
In earl ier studies, Hol lenbeck observed real-t ime 
autophagosome formation in the distal region of the axon, 
suggesting the local biogenesis of autophagosomes in 
axons[17]. Recent studies involving live imaging showed that 
autophagosomes are normally produced in the distal ends 
of axons and undergo retrograde transport to the soma for 
the completion of degradation[16, 18]. 

Autophagy is required for normal axon terminal 
membrane trafficking and turnover. Aberrant membrane 
structures accumulate in axons when autophagy is 
suppressed in the mouse brain[19, 20]. In the above-
mentioned study by Hollenbeck, it was shown that the 
basal level of autophagy might be a key mechanism for 
remodeling neurite and growth-cone structure during 
neurite extension[17]. Autophagy might also work as an 
adaptive response to remodel axon terminal structures 
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for regeneration after axonal injury[21]. Suppression of 
basal autophagy in the central nervous system causes 
neurodegeneration, accompanied by severe axonal 
swelling[12, 13]. Specific ablation of the essential autophagy 
gene Atg7 in Purkinje cells results in cell-autonomous 
axonal dystrophy and degeneration[19], implying the 
indispensable role of autophagy in housekeeping functions 
in axon terminals and in protection against axonal 
degeneration.
Role of neuronal autophagy in synapse development  
Synapses are regions of high energy-demand and protein-
turnover; the morphological and functional modifications 
of synapses depend on coordinated protein synthesis and 
degradation[22-27]. It is now clear that neuronal autophagy 
plays a crucial role in the development and remodeling of 
synapses, which is required for learning and memory[24, 25]. 
Evidence shows that autophagy promotes synapse growth 
in the Drosophila neuromuscular junction by downregulating 
Highwire[28]. Overexpression of Atg1 is suffi cient to induce 
high levels of autophagy and subsequent enhancement 
of synaptic growth, while suppressing autophagy through 
mutations of genes essential for autophagy results in the 
reduction of synapse size. In Caenorhabditis. elegans, 
endocytosed gamma-amino butyric acid A receptors at 
inhibitory synapses are targeted to autophagosomes. By 
functioning as a degradative pathway for these receptors, 
autophagy serves as a mechanism to control the balance 
of neuronal excitation and inhibition[29]. 

Neuropathological Evidence Linking Autophagic 

Pathways to AD

Intraneuronal neurofibrillary tangles (NFTs) formed by 
aggregated hyperphosphorylated tau, and extracellular 
neuritic plaques mainly composed of aggregates of 
β-amyloid peptide (Aβ), are the neuropathological 
hallmarks of AD. As discussed above, abnormal autophagic 
proteolysis can lead to a build-up of waste proteins or 
unwanted aggregates. Electron microscopic studies 
of the AD brain by Nixon et al. showed that amyloid 
plaque-associated dystrophic neurites display a massive 
accumulation of AVs, providing the first pathological 
evidence for the extensive involvement of autophagy in the 
pathogenesis of AD[9]. Findings from the brains of PS1M146L/
APP751SL mice that overexpress familial AD-related mutant 

human PS1 and APP genes suggest that the dystrophic 
neurites have excessive accumulation of AVs[30]. The 
abnormal accumulation of AVs has also been observed 
in several other animal models of AD, including APPswe/
PS1M146L mice and TgCRND8 mice overexpressing mutant 
human APP695[31, 32]. In contrast to the rarely-observed AVs 
in normal brains, the abundance of AVs in the brains of AD 
patients and AD animal models indicates that defective 
autophagic lysosomal proteolysis may underlie the 
pathogenic protein accumulation in AD.

Where Is the Autophagic Pathway Defective in 

AD? 

The abnormal accumulation of autophagosomes in neurons 
constituted the fi rst clue of defi cits in autophagy. However, 
the precise mechanisms underlying autophagic dysfunction 
in AD are not fully understood. As described earlier in this 
review, the number of autophagosomes in a cell depends 
on the balance between AV formation and degradation. 
The build-up of AVs in neurological disorders may reflect 
stimulation of the induction of autophagy, impairment of 
later digestive steps in the autophagic pathway, or a slow 
rate of autophagosome formation combined with insuffi cient 
lysosomal fusion and digestion[33] (Fig. 1). Determining 
the defective step(s) along the autophagic pathway in AD 
is critical for understanding the pathogenic significance 
of autophagy in AD and developing potential therapeutic 
interventions based on the modulation of autophagy.
Altered Autophagy Initiation in AD 
Evidence suggests that abnormalities of autophagy at the 
level of induction or autophagosome formation contribute 
to the pathogenesis of AD. Although autophagosomes 
are numerous in the AD brain and in the PS1M146L/
APP751SL mouse model of AD, this does not necessarily 
mean that autophagy initiation is upregulated. In contrast, 
the expression of beclin-1, an essential initiator of 
autophagy, is decreased in AD patients compared with 
healthy individuals[34, 35]. Caspase 3-mediated cleavage 
of beclin-1 occurs in AD brains; the loss of beclin-1 is 
believed to be caused by the increased activity of this 
enzyme in AD patients[36]. The deletion of beclin-1 in an 
APP transgenic mouse model disrupts autophagy, and 
increases intracellular Aβ accumulation[34]. Conversely, 
a genome-wide research indicated that autophagy is 
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specifically up-regulated in AD, due both to reactive oxygen 
species-dependent activation of the type III PI3 kinase 
(a critical kinase for the initiation of autophagy) and to 
the transcriptional up-regulation of positive regulators of 
autophagy[37]. These apparently conflicting findings require 
further clarification.
Defective Lysosomal Clearance of Autophagic 
Substrates in AD
The fi nal step of autophagy is the digestion of sequestered 
materials in autolysosomes. In addition to the defects in 
earlier stages of autophagy, accumulating evidence has 
suggested a critical role of lysosomal proteolytic failure in 
the development of AD-related neurodegeneration. The 
AVs accumulating in the AD brain are electron-dense 
autolysosomes and autophagosomes filled with undigested 
or incompletely-digested “waste” proteins[9]. AV and 
lysosome fractions isolated from the brains of TgCRND8 
mice contain abnormally high levels of LC3-II, ubiquitinated 

proteins, and Aβ[38]. The morphology of accumulated AVs 
in the AD brain and in the transgenic mouse model of AD 
resembles that induced by blocking lysosomal proteolysis 
by deleting specific cathepsins or administering lysosomal 
protease inhibitors[8, 39]. For example, selectively blocking 
cathepsin-mediated proteolysis within autolysosomes 
with cysteine-protease and aspartyl-protease inhibitors in 
neurons causes a marked accumulation of electron-dense 
double-membrane-limited AVs containing incompletely 
degraded LC3-I I [8].  The above evidence strongly 
points to the disruption of substrate proteolysis within 
autolysosomes as the principal mechanism underlying 
autophagic dysfunction in AD. This possibility has been 
further underscored by the recent fi nding that presenilin 1 
might be involved in the defective proteolysis of autophagic 
substrates in patients with AD. Presenilin 1 plays a critical 
role in lysosomal acidification and autophagosome–
lysosome fusion[40-42]. Fibroblasts from patients with familial 

Fig. 1. Model of autophagic failure in AD. The presence of autophagic vacuoles (AVs) in cells depends on both their rate of formation and 
the rate of lysosomal clearance, which are influenced by many factors in AD. Defective autophagy in AD leads to accumulation of 
pathogenic protein or damaged organelles and increased production of Aβ.



Neurosci Bull     April 1, 2014, 30(2): 308–316312

AD-linked PS1 mutations have abnormal accumulation of 
AVs, with the turnover of long-lived proteins being markedly 
impaired. Therefore, familial AD-linked PS1 mutations may 
have a loss-of-function effect on lysosomal proteolysis, 
leading to AV accumulation and impaired autophagic 
substrate turnover in AD[40]. 
Defective Autophagosome Transport
In normal neurites, immature AVs are transported 
retrogradely toward the soma for further degradation. 
The significant build-up of AVs within dystrophic neurites 
in the AD brain suggests that their transport might be 
impeded. A selective transport deficit of autophagy-
related compartments has been reported in mouse and 
cell models of AD[43]. The possible role of defective axonal 
transport of AVs in AD pathogenesis is further suggested 
by the finding that inhibiting autophagosome delivery to 
lysosomes induces a rapid accumulation of AVs in neurites 
with morphology similar to that seen in the AD brain[8]. 
Further studies are required to clarify the molecular defects 
underlying the transport failure of AVs.

To accurately identify and quantify the autophagic 
dysfunction in AD, specifi c protein markers and diagnostic 
methods are needed. Transmission electron microscopy is 
currently the “gold standard” for monitoring autophagy in 
tissue. Immunohistochemical staining and immunoblotting 
against autophagy-specific biomarkers such as LC3 
have been widely used to assess autophagy[11]. Other 
approaches include the use of weakly basic dyes which 
accumulate in the acidic autophagosome-lysosome 
compartment, and forced expression of GFP-LC3 to 
detect AVs under the microscope as fl uorescent dots[11]. To 
date, there are no methods to monitor autophagy in vivo. 
Exploring biomarkers that can be widely applied in clinical 
settings to assess the level of autophagy in AD is critical for 
improved understanding of the autophagic dysfunction in 
AD and for the successful development of therapies based 
on the modulation of autophagy.

Modulation of Autophagy as a Potential Therapy 

for AD

Since the initial observations that autophagic dysfunction 
may contribute to the accumulation of proteins in the AD 
brain, there has been a growing interest in manipulating 
autophagy as a potential therapeutic target for AD (Table 1). 

Therapeutic Induction of Autophagy
Pharmacological induction of autophagy has proved 
effective in reducing neuronal aggregates and slowing 
the progression of neurological symptoms in several 
mouse models of AD. The mammalian target of rapamycin 
(mTOR) is a critical negative regulator of autophagy[44]. 
In the platelet-derived growth factor promoter expressing 
amyloid precursor protein transgenic AD mouse model, 
long-term inhibition of mTOR by rapamycin prevents AD-
like cognitive defi cits and lowers the levels of Aβ42, a major 
toxic species in AD[46, 48]. As expected from the inhibition of 
mTOR, the induction of autophagy increases in the neurons 
of rapamycin-treated transgenic mice, suggesting that the 
reduction of Aβ is due in part to this increase[46]. In 3×Tg 
AD mice, inducing autophagy via rapamycin significantly 
reduces amyloid plaques, NFTs, and cognitive deficits[45]. 
Induction of autophagy by administration of a lentiviral 
vector expressing beclin-1 reduces both intracellular 
and extracellular amyloid pathology in APP transgenic 
mice[34]. These findings and related studies[49] have led to 
the reasonable proposition that targeting the induction of 
autophagy can have potential therapeutic benefi ts in AD. 

However, conflicting data from recent studies in AD 
models raise caution about the applicability of the induction 
of autophagy as a generalized treatment strategy for AD. For 
example, inhibition rather than stimulation of autophagy has 
been suggested to alleviate Aβ42-induced cell death[47, 50]. 

Rapamycin t reatment of  f l ies expressing Aβ1-42 
results in a significantly shortened lifespan, indicating 
that enhancement of autophagy may enhance Aβ1-42 
neurotoxicity[47]. Thus, it appears that although basal 
autophagy is required for neuronal survival, the benefi t of 
enhanced induction of autophagy is context-dependent. 
The timing of intervention in the progression of the 
disease should be taken into account when implementing 
autophagy induction as a therapeutic approach. This is 
illustrated by the findings that increasing the induction of 
autophagy prior to the development of AD-like pathology 
in 3×Tg-AD mice reduces the levels of soluble Aβ and tau 
and amyloid plaques, whereas induction after the formation 
of mature plaques and tangles has no effect on AD-like 
pathology or cognitive deficits[45]. In addition, differences 
in models may account for the conflicting results on the 
role of autophagy modulation. For example, the inhibition 
of autophagy by neuron-specific expression of Atg5RNAi 
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extends the lifespan of Aβ1-42 fl ies while having deleterious 
effects in fl ies without Aβ1-42 expression, suggesting that 
Aβ1-42 expression may shift protective neuronal autophagy 
to a pathogenic condition[47].

Then why would blocking autophagy be beneficial, 
given its protective role? The main reason is that enhanced 
autophagy does not necessarily lead to productive autophagy, 
i.e., an increase in autophagic fl ux. If the lysosomal clearance 
of autophagosomes is halted, the activation of autophagy 
results in the harmful accumulation of intermediate AVs. 
Nixon and colleagues have shown that autophagosomes in 
AD brains may be a major reservoir of Aβ[51]. Enhancement 
of new autophagosome formation without a parallel increase 
in autophagic fl ux may actually increase Aβ production and 
leakage of the catabolic contents of AVs[52].

Targeting Defective Lysosomal Proteolysis
The optimal modification of autophagic failure should 
enhance autophagosome clearance by the lysosome. 
In  the TgCRND8 AD mouse model  that  exh ib i ts 
defective proteolytic clearance of autophagic substrates, 
enhancement of lysosomal activity by genetic ablation of 
cystatin B (an endogenous inhibitor of lysosomal cysteine 
proteases) enhances the clearance of the autophagic 
substrates, and ameliorates amyloid pathologies and 
memory defi cits in the animals[38]. These fi ndings, together 
with other related studies[53], suggest that restoring normal 
lysosomal proteolysis might be the key to developing 
novel therapeutic interventions against AD, although 
pharmacological compounds with such effects are not yet 
available.

Table 1. Effects of autophagy modulation in experimental models of AD

Experimental model Intervention Timing Duration  Effect on autophagy  Result

3×Tg-AD mice (Tg human  Food containing rapamycin  Starting at 6  10 weeks Induction  Reduced amyloid plaques,

APPSwe/Tg human tauP301L/ (2.24 mg/ kg) months of age   NFTs and cognitive defi cits[44].

PS1M146V knock-in)

3×Tg-AD mice Food containing rapamycin  Starting at 2  16 months Induction  Reduced amyloid plaques, 

 (2.24 mg/ kg) months of age   NFTs and cognitive defi cits[45].

3×Tg-AD mice Food containing rapamycin  Starting at 15  3 months Induction  No effects on AD-like pathology

 (2.24 mg/ kg) months of age    and cognitive defi cits[45].

PDAPP Tg mice  Food containing rapamycin  Starting at 4  13 weeks Induction Alleviated cognitive defi cits 

(hAPP(J20)) (2.24 mg/ kg) months of age   and decreased soluble Aβ42[46].

Aβ42-expressing fl ies Food containing 1 mmol/L  NA NA Induction  Shortened lifespan[47].

 rapamycin

Aβ40-expressing fl ies Food containing 1 mmol/L  NA NA Induction  No changes in lifespan[47].

 rapamycin

Aβ42-expressing fl ies Neuron-specifi c Atg5RNAi  NA NA Downregulation  Increased lifespan[47].

 expression

Aβ40-expressing fl ies Neuron-specifi c Atg5RNAi  NA NA Downregulation  Shortened lifespan[47].

 expression

TgCRND8 mice over- Genetically deleting  NA NA Enhanced lysosomal  Reduced amyloid pathologies

expressing mutant  cystatin B   proteolysis and memory defi cits[38].

human APP695     

PDAPP Tg mice   Administration of a lentiviral  NA NA Induction  Reduced amyloid 

(hAPP(J20)) vector expressing beclin 1    pathology[34].

Aβ, amyloid β; APP, amyloid precursor protein; Atg5, autophagy-related gene 5; NFTs, neurofi brillary tangles; PS1, presenilin 1; Tg, transgenic.
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Combination Therapy
Successful autophagy-based therapy should take full 
consideration of both the upstream and downstream 
autophagic deficits in AD. It is tempting to speculate that 
autophagy might be partially defective in AD patients at 
both the autophagosome-induction and autophagosome-
degradation stages. In such cases, moderately increased 
levels of autophagic induction in combination with 
therapies to promote the successful completion of 
autophagic degradation might be a promising intervention 
strategy. However, targeting the induction of autophagy 
and defective lysosomal proteolysis at the same time 
is challenging and remains to be investigated. Another 
potential combination strategy is to simultaneously use two 
pharmacological autophagy-inducers acting on different 
regulatory pathways. For example, use of the mTOR-
dependent autophagy enhancer rapamycin and the mTOR-
independent autophagy enhancer lithium in combination 
causes greater upregulation of autophagy and yields 
greater efficiency in clearing protein aggregates[54, 55]. 
Compared with either treatment alone, using two drugs 
in combination may enable reduction of the dose of each 
treatment, which might decrease the likelihood of adverse 
effects. 

Considerations for Therapeutic Use of Autophagy 
Modulation in AD 
Therapeutic use of autophagy modulation in AD would 
require several important considerations. The first is the 
specific step or steps along the autophagy pathway that 
may be defective in AD. The development of autophagy-
regulating therapeutics should be based on the nature of 
the autophagic defect. For instance, if autophagosome 
degradation is impaired, enhancement of the induction 
of autophagy should not be used before the autophagic 
efficiency is restored to avoid exaggerating the AV 
accumulation. The second consideration is the disease 
stage in which it would be used. Early in the pathological 
process of AD, increasing the induction of autophagy 
may be a valid therapeutic strategy. However, once the 
neuropathology is well-established, increasing autophagic 
induction alone may be ineffective, as more mature stable 
aggregates may be too large to be degraded by autophagy. 
A final consideration is the optimal level and duration of 
autophagic modulation therapy. Overactive autophagy 

could be as deleterious as defective autophagy. A greater 
understanding of the precise modulation of the autophagic 
pathways will be important in this regard. 

Conclusion

Converging evidence has fi rmly established the importance 
of autophagic dysfunction in the pathogenesis of AD. A 
more complete understanding of the regulatory pathways 
of neuronal autophagy and further clarification of the 
pathogenic mechanisms of dysfunctional autophagy in 
AD will help the development of therapeutic interventions. 
We also need new agents to target specific steps in the 
autophagic pathway to achieve more accurate modulation 
of autophagy. Future research should also make efforts 
to address the precise determinants of the outcome of 
autophagic modulation.

Received date: 2013-08-30; Accepted date: 2013-11-18

REFERENCES

Klionsky DJ, Codogno P, Cuervo AM, Deretic V, Elazar Z, [1] 
Fueyo-Margareto J, et al. A comprehensive glossary of 
autophagy-related molecules and processes. Autophagy 
2010, 6: 438–448.
Levine B, Kroemer G. Autophagy in the pathogenesis of [2] 
disease. Cell 2008, 132: 27–42.
Cuervo AM. Autophagy: many paths to the same end. Mol [3] 
Cell Biochem 2004, 263: 55–72.
Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy [4] 
fights disease through cellular self-digestion. Nature 2008, 
451: 1069–1075.
Hao HH, Wang L, Guo ZJ, Bai L, Zhang RP, Shuang WB[5] , et 
al. Valproic acid reduces autophagy and promotes functional 
recovery after spinal cord injury in rats. Neurosci Bull 2013, 
29: 484–492.
Xu F, Gu JH, Qin ZH. Neuronal autophagy in cerebral [6] 
ischemia. Neurosci Bull 2012, 28: 658–666.
Mizushima N, Yamamoto A, Matsui M, Yoshimori T, Ohsumi [7] 
Y. In vivo analysis of autophagy in response to nutrient 
starvation using transgenic mice expressing a fluorescent 
autophagosome marker. Mol Biol Cell 2004, 15: 1101–1111.
Boland B, Kumar A, Lee S, Platt FM, Wegiel J, Yu WH[8] , et 
al. Autophagy induction and autophagosome clearance in 
neurons: relationship to autophagic pathology in Alzheimer's 
disease. J Neurosci 2008, 28: 6926–6937.
Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, [9] 



Jun-Hua Liang, et al.    Dysfunctional autophagy in AD: pathogenic roles and therapeutic implications 315

Cataldo A, et al. Extensive involvement of autophagy in 
Alzheimer disease: an immuno-electron microscopy study. J 
Neuropathol Exp Neurol 2005, 64: 113–122.
Boland B, Nixon RA. Neuronal macroautophagy: from [10] 
development to degeneration. Mol Aspects Med 2006, 27: 
503–519.
Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, [11] 
Acevedo-Arozena A, Adeli K, et al. Guidelines for the use and 
interpretation of assays for monitoring autophagy. Autophagy 
2012, 8: 445–544.
Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, [12] 
Suzuki-Migishima R, et al. Suppression of basal autophagy 
in neural cells causes neurodegenerative disease in mice. 
Nature 2006, 441: 885–889.
Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida [13] 
I, et al. Loss of autophagy in the central nervous system 
causes neurodegeneration in mice. Nature 2006, 441: 880–
884.
Simonsen A, Cumming RC, Brech A, Isakson P, Schubert [14] 
DR, Finley KD. Promoting basal levels of autophagy in the 
nervous system enhances longevity and oxidant resistance 
in adult drosophila. Autophagy 2008, 4: 176.
Juhasz G, Erdi B, Sass M, Neufeld TP. Atg7-dependent [15] 
autophagy promotes neuronal health, stress tolerance, and 
longevity but is dispensable for metamorphosis in Drosophila. 
Genes Dev 2007, 21: 3061–3066.
Yue Z. Regulat ion of neuronal autophagy in axon: [16] 
implication of autophagy in axonal function and dysfunction/
degeneration. Autophagy 2007, 3: 139–141.
Hollenbeck PJ. Products of endocytosis and autophagy [17] 
are retrieved from axons by regulated retrograde organelle 
transport. J Cell Biol 1993, 121: 305–315.
Maday S, Wallace KE, Holzbaur EL. Autophagosomes initiate [18] 
distally and mature during transport toward the cell soma in 
primary neurons. J Cell Biol 2012, 196: 407–417.
Komatsu M, Wang QJ, Holstein GR, Friedrich VL Jr, Iwata J, [19] 
Kominami E, et al. Essential role for autophagy protein Atg7 
in the maintenance of axonal homeostasis and the prevention 
of axonal degeneration. Proc Natl Acad Sci U S A 2007, 104: 
14489–14494.
Nishiyama J, Miura E, Mizushima N, Watanabe M, Yuzaki [20] 
M. Aberrant membranes and double-membrane structures 
accumulate in the axons of Atg5-null Purkinje cells before 
neuronal death. Autophagy 2007, 3: 591–596.
Matthews MR, Raisman G. A light and electron microscopic [21] 
study of the cellular response to axonal injury in the superior 
cervical ganglion of the rat. Proc R Soc Lond B Biol Sci 1972, 
181: 43–79.
Bingol B, Schuman EM. Synaptic protein degradation by the [22] 
ubiquitin proteasome system. Curr Opin Neurobiol 2005, 15: 

536–541.
Yi JJ, Ehlers MD. Emerging roles for ubiquitin and protein [23] 
degradation in neuronal function. Pharmacol Rev 2007, 59: 
14–39.
Bingol B, Sheng M. Deconstruction for reconstruction: the [24] 
role of proteolysis in neural plasticity and disease. Neuron 
2011, 69: 22–32.
Hernandez D, Torres CA, Setlik W, Cebrian C, Mosharov EV, [25] 
Tang G, et al. Regulation of presynaptic neurotransmission 
by macroautophagy. Neuron 2012, 74: 277–284.
Chain DG, Casadio A, Schacher S, Hegde AN, Valbrun [26] 
M, Yamamoto N, et al. Mechanisms for generating the 
autonomous cAMP-dependent protein kinase required for 
long-term facilitation in Aplysia. Neuron 1999, 22: 147–156.
Ehlers MD. Activity level controls postsynaptic composition [27] 
and signaling via the ubiquitin-proteasome system. Nat 
Neurosci 2003, 6: 231–242.
Shen W, Ganetzky B. Autophagy promotes synapse [28] 
development in Drosophila. J Cell Biol 2009, 187: 71–79.
Rowland AM, Richmond JE, Olsen JG, Hall DH, Bamber [29] 
BA. Presynapt ic  terminals independent ly  regulate 
synaptic clustering and autophagy of GABAA receptors in 
Caenorhabditis elegans. J Neurosci 2006, 26: 1711–1720.
Sanchez-Varo R, Trujillo-Estrada L, Sanchez-Mejias E, [30] 
Torres M, Baglietto-Vargas D, Moreno-Gonzalez I, et al. 
Abnormal accumulation of autophagic vesicles correlates 
with axonal and synaptic pathology in young Alzheimer’s 
mice hippocampus. Acta Neuropathol 2012, 123: 53–70.
Yang DS, Stavrides P, Mohan PS, Kaushik S, Kumar A, Ohno [31] 
M, et al. Reversal of autophagy dysfunction in the TgCRND8 
mouse model of Alzheimer's disease ameliorates amyloid 
pathologies and memory defi cits. Brain 2011, 134: 258–277.
Cataldo AM, Peterhoff CM, Schmidt SD, Terio NB, Duff K, [32] 
Beard M, et al. Presenilin mutations in familial Alzheimer 
disease and transgenic mouse models accelerate neuronal 
lysosomal pathology. J Neuropathol Exp Neurol 2004, 63: 
821–830.
Barnett A, Brewer GJ. Autophagy in aging and Alzheimer's [33] 
disease: pathologic or protective? J Alzheimers Dis 2011, 25: 
385–394.
Pickford F, Masliah E, Britschgi M, Lucin K, Narasimhan R, [34] 
Jaeger PA, et al. The autophagy-related protein beclin 1 
shows reduced expression in early Alzheimer disease and 
regulates amyloid beta accumulation in mice. J Clin Invest 
2008, 118: 2190–2199.
Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, [35] 
Hibshoosh H, et al. Induction of autophagy and inhibition of 
tumorigenesis by beclin 1. Nature 1999, 402: 672–676.
Rohn TT, Wirawan E, Brown RJ, Harris JR, Masliah E, [36] 
Vandenabeele P. Depletion of Beclin-1 due to proteolytic 



Neurosci Bull     April 1, 2014, 30(2): 308–316316

cleavage by caspases in the Alzheimer's disease brain. 
Neurobiol Dis 2011, 43: 68–78.
Lipinski MM, Zheng B, Lu T, Yan Z, Py BF, Ng A[37] , et al. 
Genome-wide analysis reveals mechanisms modulating 
autophagy in normal brain aging and in Alzheimer’s disease. 
Proc Natl Acad Sci U S A 2010, 107: 14164–14169.
Yang DS, Stavrides P, Mohan PS, Kaushik S, Kumar A, [38] 
Ohno M, et al. Therapeutic effects of remediating autophagy 
failure in a mouse model of Alzheimer disease by enhancing 
lysosomal proteolysis. Autophagy 2011, 7: 788–789.
Koike M, Nakanishi H, Saftig P, Ezaki J, Isahara K, Ohsawa Y[39] , 
et al. Cathepsin D defi ciency induces lysosomal storage with 
ceroid lipofuscin in mouse CNS neurons. J Neurosci 2000, 
20: 6898–6906.
Lee JH, Yu WH, Kumar A, Lee S, Mohan PS, Peterhoff CM[40] , 
et al. Lysosomal proteolysis and autophagy require presenilin 
1 and are disrupted by Alzheimer-related PS1 mutations. Cell 
2010, 141: 1146–1158.
Esselens C, Oorschot V, Baert V, Raemaekers T, Spittaels [41] 
K, Serneels L, et al. Presenilin 1 mediates the turnover of 
telencephalin in hippocampal neurons via an autophagic 
degradative pathway. J Cell Biol 2004, 166: 1041–1054.
Neely KM, Green KN, LaFerla FM. Presenilin is necessary for [42] 
effi cient proteolysis through the autophagy-lysosome system 
in a gamma-secretase-independent manner. J Neurosci 
2011, 31: 2781–2791.
Nixon RA, Yang DS. Autophagy failure in Alzheimer's disease-[43] 
-locating the primary defect. Neurobiol Dis 2011, 43: 38–45.
Caccamo A, Majumder S, Richardson A, Strong R, Oddo S. [44] 
Molecular interplay between mammalian target of rapamycin 
(mTOR), amyloid-beta, and Tau: effects on cognitive 
impairments. J Biol Chem 2010, 285: 13107–13120.
Majumder S, Richardson A, Strong R, Oddo S. Inducing [45] 
autophagy by rapamycin before, but not after, the formation 
of plaques and tangles ameliorates cognitive defi cits. PLoS 
One 2011, 6: e25416.
Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza [46] 

O, Bredesen D, et al. Inhibition of mTOR by rapamycin 
abolishes cognitive defi cits and reduces amyloid-beta levels 
in a mouse model of Alzheimer's disease. PLoS One 2010, 5: 
e9979.
Ling D, Song HJ, Garza D, Neufeld TP, Salvaterra PM. [47] 
Abeta42-induced neurodegeneration via an age-dependent 
autophagic-lysosomal injury in Drosophila. PLoS One 2009, 4: 
e4201.
McGowan E, Pickford F, Kim J, Onstead L, Eriksen J, Yu [48] 
C, et al. Abeta42 is essential for parenchymal and vascular 
amyloid deposition in mice. Neuron 2005, 47: 191–199.
Berger Z, Ravikumar B, Menzies FM, Oroz LG, Underwood [49] 
BR, Pangalos MN, et al. Rapamycin alleviates toxicity of 
different aggregate-prone proteins. Hum Mol Genet 2006, 15: 
433–442.
Wang H, Ma J, Tan Y, Wang Z, Sheng C, Chen S[50] , et 
al. Amyloid-beta1-42 induces reactive oxygen species-
mediated autophagic cell death in U87 and SH-SY5Y cells. J 
Alzheimers Dis 2010, 21: 597–610.
Yu WH, Cuervo AM, Kumar A, Peterhoff CM, Schmidt SD, [51] 
Lee JH, et al. Macroautophagy--a novel Beta-amyloid 
peptide-generating pathway activated in Alzheimer‘s disease. 
J Cell Biol 2005, 171: 87–98.
Nixon RA. Autophagy, amyloidogenesis and Alzheimer [52] 
disease. J Cell Sci 2007, 120: 4081–4091.
Sardiello M, Palmieri M, di Ronza A, Medina DL, Valenza M, [53] 
Gennarino VA, et al. A gene network regulating lysosomal 
biogenesis and function. Science 2009, 325: 473–477.
Sarkar S, Floto RA, Berger Z, Imarisio S, Cordenier A, Pasco [54] 
M, et al. Lithium induces autophagy by inhibiting inositol 
monophosphatase. J Cell Biol 2005, 170: 1101–1111.
Sarkar S, Krishna G, Imarisio S, Saiki S, O'Kane CJ, [55] 
Rubinsztein DC. A rational mechanism for combination 
treatment of Huntington's disease using lithium and 
rapamycin. Hum Mol Genet 2008, 17: 170–178.
Rubinsztein DC, Marino G, Kroemer G. Autophagy and [56] 
aging. Cell 2011, 146: 682–695.




