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Abstract
Growing evidence supports an active role for dysregulated macroautophagy (autophagic stress) in
neuronal cell death and neurodegeneration. Alterations in mitochondrial function and dynamics are
also strongly implicated in neurodegenerative diseases. Interestingly, whereas the core autophagy
machinery is evolutionarily conserved and shared among constitutive and induced or selective
autophagy, recent studies implicate distinct mechanisms regulating mitochondrial autophagy
(mitophagy) in response to general autophagic stimuli. Little is known about pathways regulating
selective, damage-induced mitophagy. We found that the parkinsonian neurotoxin MPP+ induces
autophagy and mitochondrial degradation that is inhibited by siRNA knockdown of autophagy
proteins Atg5, Atg7 and Atg8, but occurs independently of Beclin 1, a component of the class III
(PIK3C3/Vps34) phosphoinositide 3-kinase (PI3K) complex. Instead, MPP+-induced mitophagy is
dependent upon MAPK signaling. Interestingly, all treatments that inhibited autophagy also
conferred protection from MPP+-induced cell death. A prior human tissue study further supports a
role for ERK/MAPK-regulated autophagy in Parkinson’s and Lewy body diseases. As competition
for limiting amounts of Beclin 1 may serve to prevent harmful overactivation of autophagy,
understanding mechanisms that bypass or complement a requirement for PI3K-Beclin 1 activity
could lead to strategies to modulate autophagic stress in injured or degenerating neurons.
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Mitochondria play critical roles in metabolism and cell survival/death decisions. Neurons are
particularly dependent upon proper mitochondrial function to support high-energy demands
of synaptic and axonal maintenance. Not surprisingly, alterations in mitochondrial function
and dynamics are centrally implicated in many neurodegenerative diseases, including
Parkinson’s disease (PD). The discovery that 1-methyl-4-phenylpyridinium (MPP+), the active
metabolite of the parkinsonian neurotoxin MPTP, is a mitochondrial complex I inhibitor,
stimulated intense interest in the role of mitochondrial dysfunction in PD,1 particularly as
complex I dysfunction is observed in sporadic and familial PD patients.2 Mitochondrial
oxidative stress has also been implicated in models related to catecholamine overload3 and
pesticide exposures,4 which have been epidemiologically linked to PD.5 Kinases such as
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PTEN-induced kinase 1 (PINK1) and leucine-rich repeat kinase 2/dardarin (LRRK2) that are
mutated in familial PD are at least partially associated with mitochondria.6,7 These recent
findings highlight the potential importance of altered mitochondrial kinase signaling in
parkinsonian neurodegeneration.8

MAPKs in regulation of autophagy and neuronal cell death
The extracellular signal-regulated kinase (ERK) branch of the mitogen-activated protein kinase
(MAPK) family has been shown to play a dual role in neuronal survival and death.9,10 These
contrary effects appear to be regulated by alterations in the kinetics and subcellular localization
of ERK activation.11 We found that ERK contributes to neuronal cell injury and death in the
6-hydroxydopamine and MPP+ models of PD.12,13 In contrast to transient, nuclear signaling
observed with trophic factors, 6-hydroxydopamine induces sustained, cytoplasmic ERK
phosphorylation with significant mitochondrial localization.14

What are the potential downstream consequences of cytoplasmic, and particularly
mitochondrial, ERK activation? Our recent study of MPP+ toxicity using SH-SY5Y
neuroblastoma cells and primary dopaminergic midbrain neurons suggests a role in regulating
mitophagy. MPP+ induces a robust increase in autophagic vacuoles (AVs) accompanied by
loss of mitochondria proteins.13 Inhibitors of MEK/ERK signaling effectively block MPP+-
induced autophagic vacuoles (AVs) and mitochondrial degradation, but do not prevent
decreases in mitochondrial membrane potential or ultrastructural damage. Thus, ERK signaling
appears to act downstream of mitochondrial injury in stimulating mitophagy. While it is
currently unclear whether ERK promotes generalized or mitochondria-selective autophagy, or
whether mitochondrial localization of activated ERK is essential, these studies indicate that
identifying mitochondrial targets of ERK may offer clues into cargo recognition of damaged
mitochondria.

ERK has been implicated in slowing AV maturation in response to the carcinogen lindane,
which induces autophagic vacuolation through an mTOR-independent mechanism.15 In our
system, however, there are several lines of evidence indicating active induction of autophagy
by MPP+.13 These include data showing that maturation and degradation are preserved, and
that AV increases are dependent upon Atg5, Atg7 and Atg8 levels. The possibility of concurrent
lysosomal effects of ERK activity remains to be investigated.

Besides a role in regulating autophagy/mitophagy, mitochondrial ERK signaling causes
reduced mitochondrial respiration,16 and cytoplasmic ERK phosphorylates and activates m-
calpain.17 Interestingly, recent Autophagy addenda highlight papers showing stimulation of
autophagy by decreased ATP/AMP ratio and by calpains.18,19 In addition to ERK, c-Jun N-
terminal kinase (JNK) contributes to LC3 lipidation and loss of mitochondrial proteins during
MPP+ injury,13 although the effects of the JNK inhibitor SP600125 were not as robust as the
effects of MEK inhibitors. Thus, each of the major branches of the MAPK family, ERK,13,
20 JNK,13,21 and p38 MAPK,22 has been implicated in regulating autophagy in different cell
types and contexts.

Novel regulatory mechanisms of mitochondria-targeted autophagy?
Mitochondria could be targets of autophagic digestion in at least three scenarios: 1) basal,
constitutive turnover, 2) starvation-induced turnover, and 3) enhanced degradation of damaged
mitochondria. It is interesting to note that the yeast protein Uth1 is required for mitophagy in
the context of bulk phase starvation- or rapamycin-induced autophagy.23 Moreover, loss of
mitochondrial potential24 and increased lipid oxidation25 correlate with induction of
mitophagy in hepatocytes and yeast, respectively. MPP+ does cause a progressive depletion
of mitochondrial membrane potential and increased phospholipid oxidation (authors’

Chu et al. Page 2

Autophagy. Author manuscript; available in PMC 2009 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



unpublished data), suggesting the possibility of oxidized macromolecular signals, including
redox activation of ERK,14 in autophagic cargo recognition. The involvement of unknown
mitochondrial phosphorylation targets is further supported by the observation that a yeast
mitochondrial protein phosphatase related to mammalian PP2C was recently shown to be
essential for mitophagy.26

One particularly interesting observation is the discovery that MPP+ induces autophagy through
a mechanism independent of the class III phosphatidylinositol 3 kinase (PI3K/Vps34)-Beclin
1 pathway,13 which is essential for development- and deprivation-related autophagy. Neither
wortmannin nor 3-methyladenine, two PI3K inhibitors used extensively to study physiological
autophagy, were able to decrease MPP+-elicited AVs in either SH-SY5Y cells or primary
dopaminergic neurons.13 Given opposing roles of class I and class III PI3Ks on autophagy
induction,27 the effects of PI3K inhibitors may vary depending upon relative activation of the
two classes. 3-Methyladenine also inhibits phosphorylation of Akt, JNK and p38 MAPK.28

Each of these pathways plays a prominent role in cell fate decisions, complicating interpretation
of 3-methyladenine studies in the context of autophagy elicited during cell injury. We also
investigated the effects of siRNA-mediated knockdown of Beclin 1, and found no effects on
MPP+ elicited autophagy.13 Knockdown of core autophagy proteins that are essential for
membrane extension, Atg5, Atg7, and Atg8, each effectively inhibited MPP+-induced
autophagy,13 supporting the existence of a Beclin 1-PI3K-independent pathway of autophagy
induction.

Potential mechanisms of Beclin 1-PI3K-independent autophagy include alternative pathways
that increase phosphatidylinositol-3 phosphate (PI(3)P) levels (Fig. 1). For example, activation
of phosphatases that remove the D4 phosphate from PI(3,4)P2

29 and/or inhibition of
phosphatases involved in removing the D3 phosphate from PI(3)P30 could contribute to
sufficient levels of PI(3)P to trigger autophagy. Additionally, class II PI3Ks that are resistant
to wortmannin can produce both PI(3)P and PI(3,4)P2.31 Hypothetically, PI(3)P-independent
mechanisms of vesicle nucleation/trafficking, or of FYVE/PX domain protein recruitment, are
also possible. Intracellular ROS appear to be necessary for starvation-32 or rapamycin-
induced25 autophagy, acting downstream of Beclin 1.32 While it is unknown whether or not
mitochondrial ROS are sufficient to induce autophagy, it is possible that MPP+ activates
autophagy downstream of Beclin 1 by directly contributing to elevations in mitochondrial ROS
(Fig. 1).

Role of autophagy in neuronal injury and degeneration
Evidence has been accumulating that either too little or too much autophagy can be detrimental
to cells. Harmful imbalances in autophagic regulation are conceptualized as a state of
autophagic stress.33 Neurons may be particularly vulnerable to developing autophagic stress,
33 in part due to the need for transport along neurites for long distances.34 Under physiological
conditions, axons and dendrites are almost devoid of AVs and lysosomes. However,
neurological disease states lead to robust increases in AVs and lysosomes.35–37 Impaired AV
clearance might lead to autophagic stress in lysosomal storage diseases.38 Alternatively,
autophagic stress could be caused by excessive autophagic flux that exceeds the capacity for
regenerative protein and organelle synthesis.

It has been proposed that competition between Bcl-2 and the autophagy machinery for limiting
amounts of Beclin 1 may serve as a regulatory control to prevent harmful overactivation of
autophagy.39 Thus, Beclin 1-independent autophagy/mitophagy may reflect an escape from
homeostatic regulatory mechanisms in pathologic systems. Indeed, siRNA-mediated inhibition
of damage-induced autophagy significantly reduced MPP+-mediated toxicity in SH-SY5Y
cells.13 Additionally, our unpublished data indicate the reciprocal finding, that co-treatment
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with rapamycin enhanced AV content and cell death in MPP+-treated primary dopaminergic
midbrain neurons (Fig. 2).

Interestingly, our unpublished studies indicate that increased AVs, some of which colocalized
with mitochondria, are observed in neuronal processes of retinoic acid-differentiated neuronal
cultures subjected to acute (Fig. 3), or chronic, low dose treatments of MPP+. It has been
proposed that LC3-MAP1B interactions may contribute to remodeling of axons during
excitotoxicity.37 Given the metabolic demands of maintaining dendrites and axons,
involvement of autophagy in blunting or retraction of neurites may initially represent an
adaptive response. Moreover, we propose that this neurodegenerative response comes with a
cost -- loss of function and loss of target-derived trophic support, which would serve to tip the
balance towards neuronal cell death. Likewise, eliminating impaired mitochondria or protein
aggregates would be beneficial,40 but not if these rates exceed the regenerative capacity of the
cell, or hypothetically, if proteins critical for neuronal function are nonselectively included in
the AVs through a bystander mechanism.

To summarize, distinct regulatory pathways are being discovered in yeast and mammalian
systems for mitophagy and pathologically-induced autophagy on a background of conserved
core Atg protein mechanisms. Our studies implicate mitochondrial ERK activation and Beclin
1-independent autophagy in neurite degeneration and cell death in response to the
mitochondrial complex I inhibitor MPP+. While stimulation of autophagy holds promise for
therapies to clear aggregated proteins implicated in neurodegenerative diseases,40 the prospects
for future therapies may depend upon our ability to correct age- or disease-related factors that
promote autophagic stress. Thus, relevant questions extend beyond debates over whether
autophagy is “good” or “bad”, towards a greater emphasis on factors that contribute to
pathological imbalances in the system and how this relates to disease.
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Fig. 1. Schematic diagram of potential regulatory pathways for autophagy/mitophagy
The most studied pathways of autophagy regulation, including mTOR-mediated suppression
of autophagy, which is reversed by amino acid deprivation, rapamycin, or AMP-kinase (1),
and the Beclin 1-class III PI3K pathways (2) are shown. In addition, there is cell type-dependent
stimulation of autophagy by ERK and JNK signaling (3), although kinase targets remain
unidentified. Alternative mechanisms for generating PI(3)P exist in mammalian cells,
including wortmannin-resistant class II PI3Ks and phosphoinositide phosphatases (4, see text).
Recent studies also suggest a role for ROS acting downstream of Beclin 1 to reduce cleavage
of LC3 from preautophagosomal membranes (5). The signals involved in generating
mitochondrial ROS during starvation remain undefined, but ROS are involved in mitochondrial
activation of ERK. It is unknown if ERK acts directly to phosphorylate mitochondrial targets
or if its effects on autophagy reflect other cytoplasmic sites of action.
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Fig. 2. Rapamycin co-treatment synergistically increases AV content and exacerbates MPP+-
elicited TH neuron loss
Primary mouse embryonic midbrain cultures were treated with MPP+ (5 micromolar) in the
presence or absence of rapamycin (50 nanomolar) and analyzed at 24 h for AVs by LC3
immunohistochemistry (A) and at 48 h for TH+ neuron number (B). * p < 0.05 vs. Ctrl; ** p
< 0.05 vs. MPP+ alone; ANOVA/Fisher’s LSD.
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Fig. 3. MPP+ elicits GFP-LC3 puncta that colocalize with mitochondria in neuronal processes
SH-SY5Y cells were co-transfected with mitochondrially-targeted dsRed and GFP-LC3 for
two days followed by retinoic acid-induced differentiation for an additional three days prior
to treatment. In control cultures, GFP-LC3 (green) is diffuse in neurites with no overlap with
mitochondrial profiles (red), and only rare, small somatic puncta, as seen in an adjacent cell
(left side of panel). MPP+-treated cells develop GFP-LC3 puncta adjacent to (arrowhead) or
colocalized (yellow, arrows) with mitochondrial profiles along neurites.
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