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ABSTRACT
Neurodegenerative diseases (NDDs) differ substantially in their 
effects on various neuronal populations and brain regions, however, 
the accumulation of intracellular, pathogenic protein aggregates and 
the progressive loss of cellular function due to neuronal synaptic 
impairment seem to be common to all NDDs. Although the molecular 
nature of the specific pathogenic proteins differs among NDDs, each 
condition seems to be associated with the chronic accumulation of 
vesicular organelles within affected neurons.  It has therefore been 
hypothesized that dysfunctions in autophagy are involved in the 
accumulation of proteins and damaged organelles in NDDs such as 
Alzheimer’s, Huntington’s and Parkinson’s Diseases. In this Review, 
we focus on dysfunctional autophagy in NDDs and the key molecular 
factors that link autophagy to neurodegeneration.

INTRODUCTION
Neurodegenerative diseases (NDDs) encompass a broad spectrum of 
conditions classified as proteinopathies, which are characterized by 
the presence of aggregated proteins in specific neurons and glia 
within the central nervous system (CNS).1,2 These diseases differ in 
the specific cells and regions of the brain that they affect as well as in 
the key molecular factors or proteins involved in their pathogenesis. 
Commonly, aggregates contain abnormally processed proteins with 
altered biophysical properties, which result in improper neuronal 
function and eventual cell death. In most NDDs, protein aggregates 
are localized to specific subcellular compartments, however, 
extracellular aggregates may also be present, as exemplified by the 
deposition of amyloid-β (Aβ) plaques in Alzheimer’s Disease (AD).

Although abnormal protein processing is the archetypal dysfunction 
associated with NDDs, other factors contributing to the overall 
pathology include mitochondrial malfunction, oxidative stress and 
other environmental stressors.2,3 A multifactorial etiology is a 
common trait of sporadic NDDs as opposed to early onset or familial

NDDs, which may be more clearly associated with specific genetic 
mutations.4 Therefore, to better understand the mechanisms 
underscoring the development of sporadic NDDs, recent studies have 
increasingly focused on the pathogenic role of dysfunction in specific 
pathways controlling cellular death and survival decisions as well as 
organelle and protein homeostasis.4

1. Apoptosis

2. Autophagy

3. Mitochondrial quality control

4. Ubiquitin-proteasome system 

Among these pathways, autophagy represents the principal cellular 
mechanism involved in the removal of aggregated proteins and thus 
is expected to play a significant role in NDDs.

Neurodegenerative diseases affect neuronal function in various brain regions. Alzheimer’s 
affects several brain regions, but the hippocampus is the first region impacted, resulting 
in short-term memory loss. In Huntington’s disease, the basal ganglia, involved in 
organizing motor movements, is the brain region first affected. Lastly, Parkinson’s disease 
affects primarily dopaminergic neurons in the substantia nigra leading to loss of 
controlled-body movements.



Figure 1. Autophagy depends on the formation of the autophagosome for the sequestration of cytosolic content including damaged or unwanted proteins and organelles. Induction 
and Nucleation are mediated by the ATG/ULK1 and the Class III PI3-K complex, respectively. Addition of membrane during the process of Phagophore elongation depends on two 
ubiquitin like conjugation systems including (1) ATG7/ATG10 and (2) ATG7/ATG3. ATG4 and ATG7/ATG3 are critical for the lipidation of LC3-I to LC3-II. Association of LC3-II to the 
forming autophagosome allows sequestration of cytoplasmic content. Fusion of the mature autophagosome with lysosomes, a process mediated by SNARE proteins, forms the 
autophagolysosome where cytosolic cargo is hydrolyzed. 
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Autophagy is the process by which cells eliminate damaged 
organelles and proteins via the formation of a double-membraned 
vesicular engulfing organelle termed the autophagosome (Fig 1). For 
a comprehensive overview of the signaling molecules involved in 
autophagy and mechanisms regulating this process refer to:  
www.novusbio.com/support/autophagy-handbook. Briefly, following 
the sequestration of excess, long-lived or damaged cytoplasmic 
contents by the autophagosome, fusion with the lysosome results in 
the formation of the autophagolysosome, a proteolytic and hydrolytic 
compartment in which the cytoplasmic content is degraded. 
Degradation within the autophagolysosome allows the recycling of 
basic cellular components back into the cytoplasm to serve as an 
energy source or for the synthesis of new proteins and organelles.

The process of autophagy may occur in bulk, however, selective 
autophagy pathways, which use autophagy receptors to bind and 
sequester specific cargo proteins, have also been identified and are 
thought to play a significant role in protein homeostasis. As a protein 
quality control mechanism, autophagy is thought to protect neurons 
from the accumulation of toxic protein aggregates that otherwise 
would lead to neuronal degeneration and eventual cell death. 

Autophagy in Neurons
Autophagy plays a critical role in cellular homeostasis and is 
constitutively active at a basal level in every cell.  For neurons, 
efficient basal autophagic activity is a requisite due to their unique 
physiological and morphological attributes.5,6,7 

1. Neurons are terminally-differentiated (non-dividing) cells: 
cytoplasmic remodeling through cell division does not occur in 
these cells and thus neurons are solely dependent on autophagy to 
eliminate large protein aggregates and defective organelles.8 

2. Neurons have a complex morphology: they have several 
compartments including soma, axon and dendrites, and require 
precise regulation of specific protein pathways to maintain axonal 
protein trafficking as well as the highly energetic process of 
synaptic transmission.5 

Early studies demonstrated that the regulation of autophagy differs in 
neuronal and non-neuronal cells. For example, scarce 
autophagosome numbers were found in healthy brains, suggesting 
low basal autophagy or that autophagosomes are quickly turned over
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in neurons.7,9,10 Moreover, the typical increase in autophagosomes 
observed in non-neuronal cells following starvation was absent in 
neurons, suggesting a lack of responsiveness to nutrient 
deprivation.9,11 More recently, it was demonstrated that rapamycin 
and everolimus–inhibitors of the cell growth and metabolic regulatory 
kinase, mTOR, induce autophagy in non-neuronal cells as evidenced 
by an increase in autophagosomes, but not in primary neurons.12 
Moreover, lithium chloride, a known inducer of autophagy in non-
neuronal cells, failed to elicit an increase in autophagosomes in 
primary neurons.12 Together these findings indicate that neurons 
differ from non-neuronal cells in both mTOR-dependent and 
-independent autophagy inducing pathways.12 However, autophagy is 
inducible in neurons as treatment with niguldipine, trifluoroperazine 
and loperamide effectively increased the number of 
autophagosomes.12 

Studies with primary cortical neurons revealed that neuronal basal 
autophagy is both efficient and relatively robust.7 Under normal 
conditions, cortical neurons were found to have a negligible number 
of autophagosomes, in agreement with earlier studies.9,11 Following 
inhibition of lysosomal degradation, accumulation of 
autophagosomes occurred in primary cortical neurons, supporting 
the presence of relatively high basal autophagic activity in these 
neurons.7 However, it has been proposed that the level of basal 
autophagy is not inheritably high in all neurons, instead basal 
autophagy levels vary throughout the CNS and high autophagy levels 
appear to be required by neurons exposed to high levels of stress.13  

Early Connection between Autophagy 
Deficits and Neurodegeneration
One of the initial findings linking autophagy with NDDs came from 
electron microscopy analysis of neocortex tissue, from the biopsies of 
AD patients and non-AD control brains.10 The accumulation of 
autophagosomes in conjunction with the presence of dystrophic 
neurites led to the proposal that autophagy may be dysfunctional in 
the brains of AD patients.10 Whether the accumulation of autophagic 
organelles occurred as the result of aberrant autophagy induction or 
due to the inhibition of autophagy via impaired lysosomal degradation 
remains inconclusive. 

Studies with primary cortical neurons revealed that interruption of 
autophagic flux results in changes that closely resemble the 
accumulation of autophagic organelles and the neurite dystrophy 
associated with AD.7 These findings agreed with previous 
observations from in vivo mouse models where the expression of 
Atg5 or Atg7, required for autophagosome formation, was selectively 
ablated from Purkinje neurons.11,14 In these studies the absence of 
either ATG5 or ATG7 proteins led to the accumulation of abnormal 
membranous structures, triggered axonal morphology changes 
characterized by swelling and dystrophy, and ultimately resulted in 
the degeneration of Purkinje cells.11,14 Overall, these studies 
demonstrated that basal autophagy plays a critical role for axon 
homeostasis in neurons.

This stereotypical accumulation of autophagosomes is associated 

with various NDDs including Huntington’s (HD), Parkinson’s (PD) and 
AD.5,7,10 A standing question in the field is whether the role of the 
elevated number of autophagosomes in NDDs aims at resolving the 
pathogenesis or rather contributes to neurodegeneration.5,8,11,13

Selective Autophagy and 
Neurodegeneration
Selective autophagy pathways target specific cytosolic components 
for degradation by the autophagolysosome. Specificity for cytosolic 
cargo (e.g., mitochondria, endoplasmic reticulum and aggregated 
proteins) partly depends on selective autophagy receptors that bind 
directly or via ubiquitin to the cytosolic components.15 These 
receptors also bind microtubule-associated light chain 3 (LC3), a 
protein that incorporates into the autophagosome membrane, 
thereby sequestering the cytosolic cargo into the lumen of the 
autophagosome. Additionally, selective autophagy receptors can 
interact with adaptor proteins which modulate the receptor-cargo 
interactions as well as the binding of receptors to lipidated LC3 within 
autophagosomes.16 Post-translational modifications of receptors and 
LC3 further modulate the overall selectivity for cytosolic cargo and 
influence degradation efficiency.16 

Autophagy receptors can be found within aggregates together with 
other proteins implicated in NDDs. Recently, various mutations in 
selective autophagy receptors have been associated with NDDs.16 
Here we review findings that have helped to establish a connection 
between various neurodegenerative conditions including AD, HD and 
PD with dysfunctions in critical steps of autophagy.

Alzheimer’s Disease (AD)
Late onset AD represents the most common NDD in older adults that 
leads to dementia due to significant neuronal loss and synaptic 
impairment.16,17 As a proteinopathy, AD’s pathology is underscored by 
the accumulation of both extra- and intra-cellular protein products. 
Amyloid plaques form extracellularly, near affected neurons, from the 
deposition of amyloid-β (Aβ) fragments produced by the cleavage of 
the amyloid precursor protein (APP).1,16,17 Intracellularly, neurofibrillary 
tangles accumulate consisting of hyperphosphorylated Tau protein 
aggregates.1,16,18

Findings in animal models and patients support the involvement of 
dysfunctional protein processing in the pathogenesis of AD.10 Various 
proteins involved in the pathology of AD have functions that intersect 
with the autophagy pathway. For example, presenilins (PS) are part of 
the γ-secretase complex and are involved in the cleavage of APP, 
however they are also needed for the acidification and proper 
function of lysosomes, thus impacting autophagy (Fig 2).1 Presenilin 
mutations, particularly mutations in PS1, have been linked to early 
onset AD.1,19 Mutations in both genes, PS1 and PS2, are linked to 
familial autosomal dominant AD.1,20
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Recently, genome-wide association studies (GWAS) linked 
phosphatidylinositol-binding clathrin assembly protein (PICALM), 
involved in endocytosis, with increased AD risk.21 PICALM was shown 
to play a role in autophagy and the clearance of Tau, a known 
autophagy target.21 In AD brains, PICALM was found to be truncated 
or at decreased levels, suggesting that loss of function of PICALM 
may be associated with increased AD risk.22 In agreement with these 
findings, in vitro and in vivo studies demonstrated that PICALM plays 
various roles in autophagy including phagophore elongation, 
autophagosome formation and autophagosome-lysosome fusion.21

The mammalian target of rapamaycin (mTOR) regulates autophagy 
through its role as a nutrient sensor.23 Inhibition of mTOR activity, by 
rapamycin or starvation, increases autophagic activity.23 Altered 
mTOR activity has been previously reported in AD where increased 
mTOR activity in vitro and in an in vivo animal model of AD correlated 
with the accumulation of Aβ.24 Previous studies in human AD brains, 
established a similar correlation between mTOR hyperactivity and Tau 
hyperphosphorylation.25,26,27 Additionally, pharmacological inhibition 
of mTOR activity attenuates the cognitive decline associated with Aβ 
accumulation in an animal model of AD.24,25

Lastly, the autophagy receptor p62/SQSTM1 targets multiple 
cytosolic components for degradation via autophagy including 
mitochondria, peroxisomes and protein aggregates.15 In the AD brain, 
phosphorylated p62/SQSTM1 is found at abnormal levels and 
associated with neurofibrillary tangles.19,28 p62/SQSTM1 is thought to 
play a role in the clearance of hyperphosphorylated Tau and Aβ.

Huntington’s Disease (HD)
HD is a neurodegenerative polyglutamine disorder associated with 
mutant forms of the protein huntingtin (Htt). Neurodegeneration in 
polyglutamine disorders is characterized by the presence of proteins 
with abnormally expanded polyglutamine tracts (polyQ) and their 
associated intracellular aggregates. Although Htt is broadly 
expressed, the presence of the mutant form of Htt (mHtt), with over 
35 glutamine residues (>Q35), primarily affects neuronal populations 
in the striatum and cortex.16,29 HD pathology is associated with the 
accumulation of toxic amino terminal fragments containing polyQ 
extensions, which are produced through the cleavage of mHtt by 
caspases and calpains.30-33

Dysfunctional autophagy is implicated in HD pathogenesis, as 
evidenced by the accumulation of autophagic vesicles in neurons of 
postmortem brain specimens.5,29,34 Htt is a substrate of autophagy 
and functions as a scaffold for autophagy signaling through direct 
interaction with p62/SQSTM1 and the autophagy-initiating kinase, 
ULK1.35,36 Aggregates of mHtt are degraded by autophagy and are 
known to sequester Beclin1, a key autophagy initiator, and mTOR (Fig 
3).29,37,38 In some HD models, accumulation of mHtt has been linked 
with defects in autophagosome-lysosome fusion.39,41 However, 
treatment with rapamycin reduces mHtt aggregates and neuronal 
death in HD animal models5,37,40, which demonstrates that autophagy 
can be induced and suggests that downstream dysfunction in 
autophagolysosome formation and maturation do not underlie HD 
pathology.29 Additionally, in HD animal models, autophagosomes form 
properly, but are devoid of cargo, suggesting that inefficient targeting 
of cytosolic components to the autophagosome may cause impaired 
clearance of protein aggregates.29,39
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Figure 3. Upon induction of autophagy, nucleation occurs following the release of Beclin1 
from Bcl-2 inhibition and the formation of the class III phosphatidylinositol 3-kinase (Class 
III PI3-K) complex. This complex is involved in the production of phosphatidylinositol 
3-kinase and the targeting of ATG proteins to the forming membrane to give rise to the 
phagophore. The mutant form of Htt (mHtt) with expanded polyQ repeats forms toxic 
intraneuronal aggregates that sequester and inactivate mTOR, a regulator of autophagy, 
resulting in the induction of autophagy. In contrast, mHtt aggregates sequester Beclin1, 
leading to nucleation impairment.
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Figure 2. Mutations in Presenilins 1 and 2 (PS1 and PS2) have been implicated in the 
pathogenesis of AD. PS1 is involved in the glycosylation and trafficking of the lysosomal 
H+-ATPase (v-ATPase). Mutant PS1 (mPS1) affects these functions leading to impaired 
lysosomal acidification and reduced autophagic degradation.
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The selective autophagy receptor p62/SQSTM1 and the adaptor, 
autophagy-linked FYVE protein (ALFY), play important roles in the 
degradation of mHtt aggregates.39,42 The expression of ALFY mRNA is 
reduced in the brains of HD patients.43 Additionally, the expression of 
mHtt increases the interaction between p62/SQSTM1 and ULK1 and 
results in increased phosphorylation of p62/SQSTM1 within its 
ubiquitin binding domain (UBD) at a serine residue (S409).44,45 
Phosphorylation of p62/SQSTM1 at S409 enhances the binding 
affinity of p62/SQSTM1 for ubiquitin and improves the degradation of 
protein aggregates including those with expanded polyQ repeats, 
which shows that autophagy is induced in response to mHtt 
expression.16,44

Recently, polyQ containing proteins including Htt and ataxin3 were 
shown to interact with Beclin1, a major regulator of the autophagy-
promoting class III phosphatidylinositol 3-kinase complex.46 The polyQ 
extension in Htt is required for interaction with Beclin1 and longer 
polyQ extensions have increased affinity for Beclin1.46 Expression of 
mHtt (Q111) in striatal cells causes a reduction in Beclin1 expression 
and, moreover, transgenic mice expressing mHtt show decreased 
Beclin1 expression and impairments in starvation-induced 
autophagy.46 These defects are present in young mice even before 
substantial accumulation of mHtt aggregates, which implicates 
dysfunctional autophagy as an underlying mechanism of HD 
pathology. 

Parkinson’s Disease (PD)
PD is characterized by the loss of midbrain dopaminergic neurons, 
specifically in the substantia nigra.5,16,29 Like other NDDs, substantial 
accumulation of intracytoplasmic protein aggregates occurs in 
affected neurons. In PD, the protein α-synuclein accumulates within 
dopaminergic neurons forming inclusions or Lewy bodies.16,29 Another 
pathological feature of PD is the accumulation of damaged 
mitochondria, which is thought to trigger neuronal death.5 Neuronal 
death in PD occurs via apoptosis and necrosis mechanisms.29,47 

The main protein implicated in PD pathogenesis, α-synuclein, is 
targeted for degradation by chaperone-mediated autophagy (CMA) 
and macroautophagy.5,48-50 CMA represents the main mechanism for 
removal of α-synuclein, however mutant forms of α-synuclein (e.g., 
A53T and A30P) impair CMA function by outcompeting wild type 
α-synuclein for binding to chaperone molecules and thus leading to 
the formation of Lewy bodies.5,17,49,51 Blockade of CMA is thought to  
engage macroautophagy for the removal of mutant α-synuclein 
leading to the accumulation of autophagic organelles within 
dopaminergic neurons.5,17,52 

Some cases of familial PD have been associated with α-synuclein 
gene duplication and increased expression of α-synuclein both in 
vitro and in vivo leads to decreased macroautophagy.5,53 The 
mechanism underscoring this effect pertains to the mislocalization of 
ATG9, a transmembrane protein involved in the formation of the initial 
membrane precursor to the phagophore.5 
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Figure 4 PINK1 and Parkin participate in the process 
of mitophagy, a type of selective autophagy that 
targets damaged mitochondria for elimination. 
Following stressors that result in the depolarization of 
the mitochondrial membrane, PINK1 accumulates on 
the outer mitochondrial membrane where it recruits 
and phosphorylates Parkin. Ubiquitination of 
mitochondrial proteins by Parkin facilitates the 
targeting of damaged mitochondria for degradation. 
PINK1 and Parkin mutations lead to dysregulated 
mitophagy and have been implicated in PD.
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Table 1. Molecular mechanisms connecting neurodegenerative diseases with autophagy dysfunction. 

Novus Biologicals provides an extensive range of tools to investigate the role of autophagy in different NDDs, novusbio.com

Neurodegenerative  Condition Targets at Intersection of NDDs and 
Autophagy

Mechanism from human brain, in vivo 
animal models or in vitro studies

Implications for Autophagy Activity

Alzheimer’s Disease PS1 and PS2 

Mutated

Impaired glycosylation and targeting of the 
proton pump 

H+ ATPase (v-ATPase) to lysosomes

Impaired lysosomal acidification19

Decreased degradation of protein 
aggregates

Accumulation of Autophagic Vesicles

PICALM 

Truncated 

Decreased expression

Impaired regulation of endocytosis

Impaired endocytosis of SNARE proteins: 
VAMP2, 3 and 821

Impaired phagophore elongation, 
autophagosome formation and 
autophagosome-lysosome fusion

Decreased degradation of protein 
aggregates

Amyloid Precursor Protein (APP)

Mutated

High levels of Aβ

Increased PI3K/AKT signaling and 
phosphorylation of the proline-rich AKT 
substrate 40 (PRAS40)

Increased mTOR signaling24 

Inhibition of autophagy 

Accumulation of Aβ and Tau

p62/SQSTM1 

Abnormal levels

Altered phosphorylation 

Associated with neurofibrillary tangles28 Decreased autophagy of specific cargo

Huntington’s Disease Htt Htt aggregates sequester mTOR37 and 
Beclin138

Induction and inhibition of autophagy, 
respectively

Beclin1 Decreased Beclin1 levels46 Impaired starvation-induced autophagy

ALFY Decreased expression43 Decreased protein aggregate clearance

p62/SQSTM1 

Phosphorylated at UBD

Increased affinity for ubiquitin44,45 Increased protein aggregate clearance 

Parkinson’s Disease α-synuclein overexpressed Mislocalized ATG95 Inhibition of autophagy induction

α-synuclein mutated

(A53T and A30P)

Inhibition of Chaperone-mediated 
autophagy49,51,52

Triggers compensatory macroautophagy

ATPase type13A2 mutated Defective lysosomal acidification61,62 Decreased autophagy

PINK1/Parkin mutated Decreased ubiquitin labeling of 
mitochondrial proteins5,29,60

Decreased mitophagy

Conclusions
Recent studies have identified several protein targets with functions 
that intersect key steps in autophagy with neurodegeneration 
(Table1). While the molecular characteristics of these targets differ 
among NDDs, the mechanisms by which they influence autophagy 
often coincide. Many questions remain to be addressed regarding the 
role of autophagy as a homeostatic process in NDDs to effectively 
harness the power of this pathway to restore neuronal health.
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Two other PD-associated proteins, PINK1 and Parkin play central roles 
in mitochondrial homeostasis by their participation in the process of 
mitophagy.15 In response to mitochondrial damage and loss of 
membrane potential, the serine/threonine protein kinase, PINK1, 
associates with the outer mitochondrial membrane and 
phosphorylates the E3 ligase, Parkin, along with mitochondrial 
ubiquitin.15,54-57 Phosphorylated Parkin, localized to the outer 

mitochondrial membrane, is activated, and initiates the ubiquitination 
of multiple mitochondrial proteins.15,58,59 Selective autophagy 
receptors (e.g., p62/SQSTM1) recognize these ubiquitinated proteins 
and degrade the damaged mitochondria through autophagy.15 Since 
PINK1 and Parkin mutations are predominant in autosomal recessive 
cases of PD, defective mitophagy has been implicated in the 
pathogenesis of PD (Fig 4).5,29,60

Acknowledgement:
Written by: Rosa L. Moreno, PhD. Product Marketing Specialist, 
NovusBio 

Reviewed and Edited by: Kerry Purtell, PhD. Research Associate, 
Neurology and Neuroscience, Basic and Translational Research of 
Movement Disorders, Icahn School of Medicine at Mount Sinai



References
1. Frake, R. A., Ricketts, T., Menzies, F. M., Rubinsztein, D. C. (2015). Autophagy and neurodegeneration. J. Clin. Invest. 125:65–74. http://

dx.doi.org/10.1172/JCI73944

2. Sheikh, S., Safia, H. E., & Mir, S. S. (2013). Neurodegenerative diseases: Multifactorial conformational diseases and their therapeutic 
interventions. Journal of Neurodegenerative Diseases, 2013, ID 563481, http://dx.doi.org/10.1155/2013/563481

3. Kovacs, G. G. (2014). Current concepts of neurodegenerative diseases. EMJ Neurol. 1, 78–86

4. Ramanan, V. K., & Saykin, A. J. (2013). Pathways to neurodegeneration: Mechanistic insights from GWAS in Alzheimer’s disease, 
Parkinson’s disease, and related disorders. Am. J. Neurodegener. Dis. 2: 145-175. ISSN:2165-591X/AJND1307002

5. Son, J.H., Shim, J. H., Kim, K.H., Ha, J.-Y. & Han, J. Y. (2012). Neuronal autophagy and neurodegenerative diseases. Exp Mol Med. 44, 
89–98. http://dx.doi.org/10.3858/emm.2012.44.2.031   

6. Zare-shahabadi, A., Masliah, E., Johnson, G. V. W., & Rezaei, N. (2015). Autophagy in Alzheimer’s disease. Reviews in the Neurosciences, 
26(4), 385–395. http://doi.org/10.1515/revneuro-2014-0076

7. Boland, B., Kumar, A., Lee, S., Platt, F. M., Wegiel, J., Yu, W. H., & Nixon, R. A. (2008). Autophagy induction and autophagosome clearance 
in neurons: Relationship to autophagic pathology in Alzheimer’s disease. The Journal of Neuroscience, 28(27), 6926–6937. http://doi.
org/10.1523/JNEUROSCI.0800-08.2008

8. Rami, A. (2009) Review: Autophagy in neurodegeneration: Firefighter and/or incendiarist? Neuropathol. Appl. Neurobiol. 35(5):449–61. 
http://dx.doi.org/10.1111/j.1365-2990.2009.01034.x.

9. Mizushima, N., Yamamoto, A., Matsui, M., Yoshimori T., & Ohsumi, Y. (2004). In vivo analysis of autophagy in response to nutrient 
starvation using transgenic mice expressing a fluorescent autophagosome marker. Molecular Biology of the Cell, 15(3), 1101–1111. 
http://doi.org/10.1091/mbc.E03-09-0704

10. Nixon, R. A., Wegiel, J., Kumar, A., Yu, W. H., Peterhoff, C., Cataldo, A., & Cuervo, A.M. (2005). Extensive involvement of autophagy in 
Alzheimer disease: an immuno-electron microscopy study. J. Neuropathol. Exp. Neurol. 64:113–122. https://doi.org/10.1093/
jnen/64.2.113 

11. Komatsu, M., Wang, Q. J., Holstein, G. R., Friedrich, VL Jr., Iwata, J., Kominami, E., … Yue, Z (2007). Essential role for autophagy protein 
Atg7 in the maintenance of axonal homeostasis and the prevention of axonal degeneration. Proc. Natl. Acad. Sci. USA, 104:14489– 
14494. http://doi.org/10.1073/pnas.0701311104

12. Tsvetkov, A. S., Mitra, S., & Finkbeiner, S. (2009). Protein turnover differences between neurons and other cells. Autophagy, 5(7), 1037–
1038. PMCID: PMC2892253, NIHMSID: NIHMS183234

13. Yue, Z., Friedman, L., Komatsu, M., & Tanaka, K. (2009). The cellular pathways of neuronal autophagy and their implication in 
neurodegenerative diseases. Biochimica et Biophysica Acta - Molecular Cell Research, 1793(9), 496-1507. https://doi.org/10.1016/j.
bbamcr.2009.01.016 

14. Nishiyama, J., Miura, E., Mizushima, N., Watanabe, M., & Yuzaki, M. (2007). Aberrant membranes and double-membrane structures 
accumulate in the axons of Atg5-null Purkinje cells before neuronal death. Autophagy, 3, 591–596. http://dx.doi.org/10.4161/auto.4964 

15. Mancias, J. D., & Kimmelman, A. C. (2016). Mechanisms of selective autophagy in normal physiology and cancer. Journal of Molecular 
Biology, 428(9 Pt A), 1659–1680. http://doi.org/10.1016/j.jmb.2016.02.027

16. Deng, Z., Purtell, K., Lachance, V., Wold, M.S., Chen, S., & Yue, Z. (2017). Autophagy receptors and neurodegenerative diseases. Trends 
Cell Biol. 27:491–504. https://doi.org/ 10.1016/j.molcel.2010.04.007

17. Elkhider, M. A. & Chaudhuri, B. (2015). Autophagy as a neuronal housekeeper – a review. Hygeia. J. D. Med. 7 (1), 57-64. Available from 
http: //www.hygeiajournal.com / Article ID-Hygeia.J.D.Med/144/15. https://doi.org/ 10.15254/H.J.D.Med.7.2015.144

P/ 7



18. Benito-Cuesta, I., Diez, H., Ordoñez, L., & Wandosell, F. (2017). Assessment of Autophagy in Neurons and Brain Tissue. Cells, 6, 25. 
https://doi.org/10.3390/cells6030025

19. Lee, J. H., Yu, W. H., Kumar, A., Lee, S., Mohan, P. S., Peterhoff, C. M., … Sovak, G. (2010). Lysosomal proteolysis and autophagy require 
presenilin 1 and are disrupted by Alzheimer-related PS1 mutations. Cell, 141(7), 1146-1158. https://doi.org/ 10.1016/j.cell.2010.05.008

20. Bekris, L. M., Yu, C.-E., Bird, T. D., & Tsuang, D. W. (2010). Genetics of Alzheimer disease. Journal of Geriatric Psychiatry and Neurology, 
23(4), 213–227. http://doi.org/10.1177/0891988710383571

21. Moreau, K., Fleming, A., Imarisio, S., Lopez Ramirez, A., Mercer, J. L., Jimenez-Sanchez, M., …. Rubinsztein, D.C. (2014). PICALM 
modulates autophagy activity and tau accumulation. Nature Communications, 5, 4998. http://doi.org/10.1038/ncomms5998

22. Ando, K., Brion, J. P., Stygelbout, V., Suain, V., Authelet, M., Dedecker, R., …. Duyckaerts C. (2013). Clathrin adaptor CALM/PICALM is 
associated with neurofibrillary tangles and is cleaved in Alzheimer's brains. Acta Neuropathol. 125, 861–878. https://doi.org/10.1007/
s00401-013-1111-z

23. Mizushima, N. (2007). Autophagy: process and function. Genes Dev. 21, 2861–2873. https://doi.org/ 10.1101/gad.1599207

24. Caccamo, A., Maldonado, M. A., Majumder, S., Medina, D. X., Holbein, W., Magrí, A., & Oddo, S. (2011). Naturally secreted amyloid-beta 
increases mammalian target of rapamycin (mTOR) activity via a PRAS40-mediated mechanism. J. Biol. Chem. 286:8924–8932. https://
doi.org/ 10.1074/jbc.M110.180638

25. Caccamo, A., Majumder, S., Richardson, A., Strong, R., & Oddo, S. (2010). Molecular interplay between mammalian target of rapamycin 
(mTOR), amyloid-β, and Tau: Effects on cognitive impairments. Journal of Biological Chemistry, 285(17), 13107-13120. https://doi.
org/10.1074/jbc.M110.100420

26. An, W. L., Cowburn, R. F., Li, L., Braak, H., Alafuzoff, I., Iqbal, K., …. Pei, J. J. (2003). Up-Regulation of Phosphorylated/Activated p70 S6 
Kinase and Its Relationship to Neurofibrillary Pathology in Alzheimer's Disease. The American Journal of Pathology, 163(2), 591 – 607. 
https://doi.org/10.1016/S0002-9440(10)63687-5 

27. Tang, Z., Bereczki, E., Zhang, H., Wang, S., Li, C., Ji, X., …. Pei, J. J. (2013). Mammalian target of rapamycin (mTor) mediates tau protein 
dyshomeostasis: implication for Alzheimer disease. J. Biol. Chem., 288, 15556-15570. https://doi.org/10.1016/j.bbamcr.2015.03.003

28. Tanji, K, Miki, Y, Ozaki, T, Maruyama, A, Yoshida, H, Mimura, J, …. Wakabayashi, K. (2014). Phosphorylation of serine 349 of p62 in 
Alzheimer’s disease brain. Acta neuropathologica communications, 2:50; http://dx.doi.org/ 10.1186/2051-5960-2-50

29. Nixon, R. A., & Yang, D. S. (2012). Autophagy and neuronal cell death in neurological disorders. Cold Spring Harb Perspect Biol, 4(10). 
https://doi.org/ 10.1101/cshperspect.a008839

30.  Ona, V. O., Li, M., Vonsattel, J. P., Andrews, L. J., Khan, S. Q., Chung, W. M., … Friedlander, R. M. (1999) Inhibition of caspase-1 slows 
disease progression in a mouse model of Huntington's disease. Nature, 399, 263-267. http://doi.org/10.1038/20446

31.  Sanchez, I., Xu, C. J., Juo, P., Kakizaka, A., Blenis, J., & Yuan, J. (1999). Caspase-8 is required for cell death induced by expanded 
polyglutamine repeats. Neuron, 22, 623–633. http://doi.org/10.1016/S0896-6273(00)80716-3

32.  Gafni, J., Hermel, E., Young, J. E., Wellington, C. L., Hayden, M. R., & Ellerby, L. M. (2004). Inhibition of calpain cleavage of huntingtin 
reduces toxicity: accumulation of calpain/caspase fragments in the nucleus. J. Biol. Chem. 279, 20211–20220.  http://doi.org/10.1074/
jbc.M401267200 

33. Graham, R. K., Deng, Y., Slow, E. J., Haigh, B., Bissada, N., Lu, G., …. Warby, S. C. (2006). Cleavage at the caspase-6 site is required for 
neuronal dysfunction and degeneration due to mutant huntingtin. Cell, 125, 1179–1191. http://doi.org/10.1016/j.cell.2006.04.026

34. Tellez-Nagel, I., Johnson, A.B., & Terry, R.D. (1974). Studies on brain biopsies of patients with Huntington’s chorea. J. Neuropathol. Exp. 
Neurol. 33, 308–332. PMID: 4150800

35. Rui, Y.-N., Xu, Z., Patel, B., Chen, Z., Chen, D., Tito, A., … Zhang, S. (2015). Huntingtin Functions as a Scaffold for Selective 

P/8



Macroautophagy. Nature Cell Biology, 17(3), 262–275. http://doi.org/10.1038/ncb3101

36. Ochaba, J., Lukacsovich, T., Csikos, G., Zheng, S., Margulis, J., Salazar, L., … Steffan, J. S. (2014). Potential function for the Huntingtin 
protein as a scaffold for selective autophagy. Proceedings of the National Academy of Sciences of the United States of America, 111(47), 
16889–16894. http://doi.org/10.1073/pnas.1420103111

37. Ravikumar, B., Vacher, C., Berger, Z., Davies, J.E., Luo, S., Oroz, L.G., …Rubinsztein, D. C. (2004) Inhibition of mTOR induces autophagy and 
reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington disease. Nat. Genet. 36, 585–595. http://doi.
org/10.1038/ng1362

38. Jeong, H., Then, F., Melia, T. J., Mazzulli, J. R., Cui, L., Savas, J. N., …. Krainc, D. (2009). Acetylation targets mutant Huntingtin to 
autophagosomes for degradation. Cell, 137(1), 60–72. http://doi.org/10.1016/j.cell.2009.03.018

39.  Martinez–Vicente, M., Talloczy, Z., Wong, E., Tang, G., Koga, H., Kaushik, S., …. Cuervo, A. M. (2010). Cargo recognition failure is 
responsible for inefficient autophagy in HUNTINGTON’S dISEASE. Nature Neuroscience, 13(5), 567–576. http://doi.org/10.1038/
nn.2528

40. Shibata, M., Lu, T., Furuya, T., Degterev, A., Mizushima, N., Yoshimori, T., …. Yuan, J. (2006). Regulation of intracellular accumulation of 
mutant Huntingtin by Beclin 1. J. Biol. Chem. 281, 14474–14485. http://doi.org/10.1074/jbc.M600364200

41. Wong, Y. C., & Holzbaur, E. L. F. (2014). The regulation of autophagosome dynamics by huntingtin and HAP1 is disrupted by expression of 
mutant huntingtin, leading to defective cargo degradation. The Journal of Neuroscience, 34(4), 1293–1305. http://doi.org/10.1523/
JNEUROSCI.1870-13.2014

42. Filimonenko, M., Isakson, P., Finley, K.D., Anderson, M., Jeong, H., Melia, T.J. … Krainc, D. (2010). The Selective Macroautophagic 
Degradation of Aggregated Proteins Requires the PI3P-Binding Protein Alfy. Mol. Cell. 38(2):265-279. http://doi.org/ 10.1016/j.
molcel.2010.04.007

43. Isakson, P., Holland, P., & Simonsen, A. (2013). The role of ALFY in selective autophagy. Cell Death and Differentiation, 20(1), 12–20. 
http://doi.org/10.1038/cdd.2012.66

44. Lim, J., Lachenmayer, M. L., Wu, S., Liu, W., Kundu, M., Wang, R., … Yue, Z. (2015). Proteotoxic stress induces phosphorylation of p62/
SQSTM1 by ULK1 to regulate selective autophagic clearance of protein aggregates. PLoS Genetics, 11(2), e1004987. http://doi.
org/10.1371/journal.pgen.1004987

45. Matsumoto, G., Wada, K., Okuno, M., Kurosawa, M., & Nukina, N. (2011). Serine 403 phosphorylation of p62/SQSTM1 regulates selective 
autophagic clearance of ubiquitinated proteins. Mol. Cell. 44:279-89, http://dx.doi.org/10.1016/j.molcel.2011.07.039

46. Ashkenazi, A., Bento, C.F, Ricketts, T., Vicinanza, M., Siddiqi, F., Pavel, M., … Rubinsztein, D. C. (2017) Polyglutamine tracts regulate beclin 
1-dependent autophagy. Nature, 545, 108–111. http://dx.doi.org/10.1080/15548627.2017.1336278  

47. Stefanis, L. (2005). Caspase-dependent and -independent neuronal death: Two distinct pathways to neuronal injury. Neuroscientist, 11: 
50–62. 

48. Webb, J. L., Ravikumar, B., Atkins, J., Skepper, J. N., & Rubinsztein, D. C. (2003). -Synuclein is degraded by both autophagy and the 
proteasome. J. Biol. Chem. 278: 25009– 25013. http://dx.doi.org/10.1074/jbc.M300227200

49. Cuervo, A. M., Stefanis, L., Fredenburg, R., Lansbury, P. T., & Sulzer, D. (2004). Impaired degradation of mutant alpha-synuclein by 
chaperone-mediated autophagy. Science, 305:1292-5. http://dx.doi.org/ 10.1126/science.1101738

50. Vogiatzi, T., Xilouri, M., Vekrellis, K., & Stefanis, L. (2008). Wild type alpha-synuclein is degraded by chaperone-mediated autophagy and 
macroautophagy in neuronal cells. J. Biol. Chem. 283:23542-56. http://dx.doi.org/ 10.1074/jbc.M801992200

51. Xilour, M., Vogiatzi, T., & Stefanis, L. (2008). Alpha-synuclein degradation by autophagic pathways: A potential key to Parkinson’s disease 
pathogenesis. Autophagy, 4(7), 917-919. http://dx.doi.org/10.4161/auto.6685 

P/ 9



Global   bio-techne.com  info@bio-techne.com  TEL +1 612 379 2956    North America  TEL 800 343 7475  
Europe | Middle East | Africa  TEL +44 (0)1235 529449    China  info.cn@bio-techne.com  TEL +86 (21) 52380373

For research use or manufacturing purposes only.  Trademarks and registered trademarks are the property of their respective owners.  

WP_Neurodegeneration_xxxxxx

52. Xilouri, M., Vogiatzi, T., Vekrellis, K., Park, D., & Stefanis, L. (2009). Aberrant alpha-synuclein confers toxicity to neurons in part through 
inhibition of chaperone-mediated autophagy. PLoS One, http://dx.doi.org/ 10.1371/journal.pone.0005515

53. Winslow, A. R., Chen, C. W., Corrochano, S., Acevedo-Arozena, A., Gordon, D. E., Peden, A. A., … Rubinsztein, D. C. (2010). alpha-Synuclein 
impairs macroautophagy: implications for Parkinson's disease. J. Cell Biol. 190:1023-37. http://dx.doi.org/10.1083/jcb.201003122

54. Kane, L. A., Lazarou, M., Fogel, A. I., Li, Y., Yamano, K., Sarraf, S. A., …. Youle, R. J. (2014). PINK1 phosphorylates ubiquitin to activate 
Parkin E3 ubiquitin ligase activity. The Journal of Cell Biology. 205:143–153. http://dx.doi.org/ 10.1083/jcb.201402104 

55. Kazlauskaite, A., Kondapalli, C., Gourlay, R., Campbell, D. G., Ritorto, M. S., Hofmann, K., … Muqit, M. M. K. (2014). Parkin is activated by 
PINK1-dependent phosphorylation of ubiquitin at Ser65. Biochem. J. 460:127–139. http://dx.doi.org/ 10.1042/BJ20140334 

56. Kondapalli, C., Kazlauskaite, A., Zhang, N., Woodroof, H. I., Campbell D. G., Gourlay R., … Muqit, M. M. K. (2012). PINK1 is activated by 
mitochondrial membrane potential depolarization and stimulates Parkin E3 ligase activity by phosphorylating serine. Open Biol. 
2:120080–120080. http://dx.doi.org/10.1098/rsob.120080 

57. Koyano, F., Okatsu, K., Kosako, H., Tamura, Y., Go, E., Kimura, M., …. Matsuda, N. (2014). Ubiquitin is phosphorylated by PINK1 to activate 
parkin. Nature, 510:162–166. http://dx.doi.org/10.1038/nature13392

58. Sarraf, S. A., Raman, M., Guarani-Pereira, V., Sowa, M. E., Huttlin, E. L., Gygi, S. P., … Harper, J. W. (2013). Landscape of the PARKIN-
dependent ubiquitylome in response to mitochondrial depolarization. Nature, 496:372–376. http://dx.doi.org/10.1038/nature12043

59. Cunningham, C. N., Baughman, J. M., Phu L., Tea, J. S., Yu, C., Coons, M., … Corn, J. E. (2015). USP30 and parkin homeostatically regulate 
atypical ubiquitin chains on mitochondria. Nature Cell Biology, 17:160–169. http://dx.doi.org/10.1038/ncb3097

60. Gasser, T. (2009). Molecular pathogenesis of Parkinson disease: Insights from genetic studies. Expert Rev. Mol. Med. 11: e22. http://
dx.doi.org/10.1017/S1462399409001148 

61. Ramirez, A., Heimbach, A., Grundemann, J., Stiller, B., Hampshire, D., Cid, L.P., … Kubisch, C. (2006). Hereditary parkinsonism with 
dementia is caused by mutations in ATP13A2, encoding a lysosomal type 5 P-type ATPase. Nat. Genet. 38: 1184– 1191. http://dx.doi.
org/10.1038/ng1884

62. Di Fonzo, A., Chien, H.F., Socal, M., Giraudo, S., Tassorelli, C., Iliceto, G., … Bonifati, V.  (2007). ATP13A2 missense mutations in juvenile 
parkinsonism and young onset Parkinson disease. Neurology, 68: 1557–1562. http://dx.doi.org/10.1212/01.
wnl.0000260963.08711.08 


