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We previously found that sustained ERK activation
contributes to toxicity elicited by the parkinsonian neu-
rotoxin 6-hydroxydopamine. In addition, substantia
nigra neurons from patients with incidental Lewy
body disease, Parkinson’s disease (PD), and diffuse
Lewy body dementia (DLB) display abnormal phos-
pho-ERK accumulations in the form of discrete cyto-
plasmic granules. In this study, we investigated the
subcellular localization of phospho-ERK immunore-
active granules using double label confocal
microscopy and immuno-electron microscopy. A
small percentage of phospho-ERK granules co-
localized with the early endosome marker Rab5, but
not with cathepsin D, 20S proteasome 3-subunit, or
cytochrome P450 reductase. Phospho-ERK
immunoreactivity was often associated with mito-
chondrial proteins (MnSOD, 60 kDa and 110 kDa
mitochondrial antigens), and some vesicular-
appearing phospho-ERK granules appeared to
envelop enlarged mitochondria by confocal laser
scanning microscopy. Ultrastructural immuno-gold
studies revealed phospho-ERK labeling in mito-
chondria and in association with bundles of ~10 nm
fibrils. Heavily labeled mitochondria were observed
within autophagosomes. As mitochondrial pathology
may play a pivotal role in Parkinson’s and other
related neurodegenerative diseases, these studies
suggest a potential interaction between dysfunc-
tional mitochondria, autophagy, and ERK signaling
pathways.

Introduction

Parkinson’s disease (PD), PD with dementia/diffuse
Lewy body disease (DLB), and syndromes with fea-
tures of both DLB and Alzheimer’s disease (AD) repre-
sent an important group of clinically and pathological-
ly overlapping neurodegenerative disorders (14, 18,

19). They share in common the presence of a-synucle-
in-rich cytoplasmic inclusions called Lewy bodies in
degenerating populations of neurons. In addition, com-
mon pathogenic mechanisms implicated in these dis-
eases include oxidative stress, mitochondrial pathology,
disordered protein degradation and abnormalities in
kinase signaling (4, 5, 8, 16, 20, 29, 34, 39, 53).

The mitogen activated protein (MAP) kinase super-
family includes three major branches, which have been
implicated in PD and AD pathogenesis (23, 37, 50, 52,
53). The extracellular signal-regulated kinases (ERK) are
involved in regulating neuronal survival, differentiation
and plasticity. A growing number of recent studies also
indicate that ERK activation plays a detrimental role in
oxidative neuronal injury (9, 23, 31, 32, 43). The neu-
rotoxin 6-hydroxydopamine elicits an abnormally sus-
tained pattern of ERK activation that contributes to
neuronal cell death (23). Sustained ERK activation can
be blocked with neuroprotective doses of catalase and
metalloporphyrin antioxidants (22), implicating redox
mechanisms in neurotoxic kinase signaling.

Cytoplasmic accumulations of phosphorylated ERK
(phospho-ERK) have been noted in human PD and
DLB substantia nigra tissues and in 6-hydroxy-
dopamine treated neuronal cell cultures (17, 52). While
phospho-ERK elicited by trophic stimuli or in ischemic
brain tissues typically display diffuse cytoplasmic
staining and nuclear translocation, a lack of significant
nuclear localization was noted in both human PD/DLB
brains and in the 6-hydroxydopamine model (52). As the
biological effects of ERK phosphorylation are critical-
ly dependent upon subcellular localization and access to
downstream targets (27, 36, 38), we investigated the
subcellular distribution of phospho-ERK in Lewy body
diseases using double label confocal microscopy and
immunogold electron microscopy.

Methods

Human tissues. Midbrain tissues from PD, DLB and
control subjects were obtained from the University of
Pittsburgh Brain Bank under a protocol approved by
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Clinical Dx Age/Gender Pathologic Dx LB score Braak CERAD Plaque
Normal 65 year/M Normal* 0 1l

PD 87 year/F PD 2/10 |

PD 79 year/M PD 0/10 |

PD with depression 83 year/M DLB* 8/10 1l A-B

AD 79 year/F DLB, AD 5/10 \Y C

PD with dementia vs. AD 74 year/M DLB, AD* 5/10 Y ©

Table 1. Clinical and pathologic characteristics of cases examined. Lewy body (LB) score for cortical regions, Braak stage, and CERAD
plaque scores were determined using established consensus criteria (11, 28). *Cases used in immuno-electron microscopy stud-
ies. As we have previously shown that midbrain tissue from age-matched control subjects exhibit virtually no P-ERK immunoreac-

tivity (52), only one additional control case was examined by immuno-EM.

the University of Pittsburgh Institutional Review
Board. Clinical and neuropathological characteristics
of this set have been previously described (52). A sub-
set of cases with appropriately fixed tissues was used in
this study (Table 1). Post-mortem intervals ranged from
4 to 10 hours. We have previously reported preliminary
immunofluorescence data from a single patient (13).

Immunofluorescence. Immunofluorescence for
phospho-ERK was performed as previously described
(52). In brief, an activation-specific polyclonal rabbit anti-
body that specifically recognizes the dually phosphory-
lated forms of ERKI1 and ERK2 (1:10000; Sigma
Immunochemicals) was used in conjunction with a
tyramide amplification system (1:100; TSA™ Plus Flu-
orescence system; PerkinElmer Life Sciences ). Double-
label immunofluorescence was conducted using a two-
step protocol (48). After staining for phospho-ERK1/2,
the sections were rinsed with PBST and then incubated
with the following antibodies at 4°C for 24 to 48 hours,
followed by Cy™ 3-conjugated 2°antibodies (Jackson
Immunoresearch): Rab5 (1:50; Oncogene); 20S protea-
some, (3-subunit (1:400; Calbiochem); cathepsin D
(1:20; Santa Cruz); cytochrome P450 reductase (1:25;
Santa Cruz); MnSOD (1:50; Upstate); mitochondrial
antigen 60KD (clone 113-1, 1:25; BioGenex); P110
mitochondrial protein (clone 2G2, 1:5; Oncogene). For

negative controls, the phospho-ERK 1/2 antibody or pri-
mary organelle-specific antibodies were replaced with
nonimmune rabbit or mouse IgG.

The slides were observed using a Zeiss Axioplan 2
confocal imaging system. An Ar 488/HeNEL 543 laser
provided the excitation light beam, and a neutral densi-
ty filter (T 0.01) was used to uniformly attenuate the inten-
sity of laser light. The excitation light (488 and 543 nm)
was passed through a dichroic beam splitter (HFT
488/543/635) that allows the capture of images in both
green and red channels simultaneously. The Z interval
was adjusted to 0.25 pm. Co-localization was con-
firmed using Z-sectioning and orthogonal image analy-
sis.

Immunoelectron microscopy. Substantia nigra tis-
sues were fixed with 2% paraformaldehyde, 0.01% glu-
taraldehyde in 0.1 M PBS and stored at 4°C for one
hour. The tissue was minced to pieces less than one
mm?® in size, and then infused with 2.3 M sucrose in 0.1
M PBS overnight at 4°C. Tissue was frozen on ultra-
cryotome stubs under liquid nitrogen and stored in liq-
uid nitrogen until use. Ultrathin sections (70-100 nm)
were cut using a Reichert Ultracut U ultramicrotome
with a FC4S cryo-attachment, lifted on a small drop of
2.3 M sucrose and mounted on Formvar-coated copper
grids. Sections were washed 3 times with PBS, then 3

Figure 1. (Opposing page) Double immunofluorescence confocal laser scanning micrographs of human PD and DLB cases stained
for phospho-ERK and organellar markers. Phospho-ERK was labeled with fluorescein (green), and the organellar markers were labeled
with Cy3 (red). There was colocalization (arrows) of phospho-ERK granules with three different mitochondrial markers: (A-C) the
P110 mitochondrial protein, (D-F) the 60 kDa mitochondrial antigen, and (G) MnSOD, the mitochondrial isoform of SOD. Occasionally
enlarged mitochondria appeared to be present within vesicular phospho-ERK structures (D-F, arrowhead). Z-sectioning and orthog-
onal analysis was used to confirm colocalization (Shown for example for MnSOD in panel G). H. A merged image of phospho-ERK
(green) double labeled with nonimmune mouse serum (red) to show specificity of the mitochondrial antibodies. Nonimmune rabbit
serum likewise showed appropriate lack of staining. I-K. The majority of phospho-ERK granules did not co-localize with the early
endosome marker Rab 5, although in a few cases there was some overlap of rare phospho-ERK granules with Rab 5 rich regions.
No colocalization of phospho-ERK was observed with (L) cathepsin D, a marker of mature lysosomes, (M) the 20S proteasome, B-
subunit, or (N) cytochrome P450 reductase of the endoplasmic reticulum. Scale bars=10 pm
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Figure 2. Immuno-gold localization of phospho-ERK to cyto-
plasmic structures in substantia nigra neurons. A. There was
intense phospho-ERK labeling of ~10 nm filamentous or fibril-
lar bundles (arrows), but not of adjacent neuromelanin and
lipofuscin (asterisk). B. Phospho-ERK labeling of discrete cyto-
plasmic organelles (arrows) was also observed. Some of these
were delimited by multiple negatively-stained membrane layers
(arrowhead). Scale bars =200 nm.

times with PBS containing 0.5% bovine serum albumin
and 0.15% glycine (PBG buffer) followed by a 30-
minute incubation with 5% normal goat serum in PBG.
Sections were incubated in the phospho-ERK1/2 antibody
(1:50) for one hour then labeled with 10 nm colloidal
gold-conjugated anti-rabbit antibody (1:25; Amersham
Biosciences) at room temperature for one hour (Amer-
sham, Piscataway, NJ). Sections were washed 3 times in
PBG, 3 times in PBS, then fixed in 2.5% glutaraldehyde
in PBS for 5 minutes, washed 2 times in PBS then
washed 6 times in ddH,O. Sections were post-stained in
2% neutral uranyl acetate, for 7 minutes, washed 3
times in ddH,0, stained 2 minutes in 4% uranyl acetate,
then embedded in 1.25% methyl cellulose. Labeling
was observed on a JEOL JEM 1210 electron micro-
scope (Peabody, Mass) at 80 kV.

Results

Characterization of cytoplasmic phospho-ERK
expression. Immunofluorescence studies demonstrated
discrete, coarse, granular cytoplasmic accumulations of
phospho-ERK in the substantia nigra of all PD and
DLB patient brains (Figure 1A, D, H, I). Our previous
studies indicated that coarse phospho-ERK granules
were limited to the cytoplasm of large substantia nigra
neurons, and were not seen in glial cells or other non-
pigmented midbrain nuclei (52). This staining pattern was
virtually absent in 7 age-matched control cases (52),
and from 3 Alzheimer’s disease brains lacking co-mor-
bid a-synuclein pathology (CTC, unpublished data).
The phospho-ERK granules sometimes had a vesicular
appearance by confocal microscopy, and a central par-
ticle could occasionally be discerned (Figure 1D, G, H).

Association of phospho-ERK with mitochondrial
markers. Three selective antibodies for mitochondria
were used in this study. Manganese superoxide dismu-
tase (MnSOD) is an important antioxidant enzyme that
is exclusively located in mitochondria (49). The other 2
antibodies specifically recognize protein components
of human mitochondria (35). Double immunofluores-
cence revealed that there was an association between
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many phospho-ERK granules and each of the 3 mito-
chondrial markers (Figure 1A-G). Phospho-ERK gran-
ules were often larger than the mitochondria. Vesicular-
appearing phospho-ERK immunoreactivity sometimes
appeared to surround enlarged mitochondrial profiles
(Figure 1F, arrowhead) (13), and sometimes enlarged
mitochondria colocalized with the central particle with-
in vesicular phospho-ERK granules (Figure 1G). Co-
localization of phospho-ERK immunofluorescence
with mitochondrial markers was confirmed using Z-
sectioning and orthogonal image analysis for each anti-
gen (For example, MnSOD in Figure 1G). A full set of
negative controls was performed by systematically sub-
stituting each of the primary antibodies with the appro-
priate nonimmune sera in double fluorescence studies. For
example, see Figure 1H for positive phospho-ERK1/2
stain (green) merged with negative nonimmune serum
control (red) to show specificity of the mitochondrial
staining.

Interaction between phospho-ERK and endosomal-
lysosomal system. There is evidence that ERK signaling
modules may assemble on the cytoplasmic side of sig-
naling endosomes (40). Rab5, a small GTPase, has been
localized to the early endosome, and is involved in the
regulation of the endocytosis (15). We found that Rab5
was mainly present in the submembranous and perinu-
clear regions. In occasional neurons, rare phospho-ERK
granules were associated with the early endosome
marker Rab5 (Figure 1K). We also investigated whether
phospho-ERK accumulations may be targeted to the
lysosomal system. Cathepsin D, a proteolytic enzyme
present in mature lysosomes showed no association
with phospho-ERK granules (Figure 1L).

Relationship of phospho-ERK with other
organelles. Because dysfunction of the intracellular
degradation pathway (30) or abnormal protein folding in
the endoplasmic reticulum (41) have been proposed as
potential mechanistic factors in neurodegeneration
associated with Parkinson’s disease, we examined
potential co-localization of phospho-ERK with protea-
some and endoplasmic reticulum components. There
was no association between phospho-ERK granules and
the B-subunit of 20S proteasome (Figure 1M). Like-
wise, phospho-ERK granules were not associated with
cytochrome P450 reductase, an enzyme located in the
endoplasmic reticulum (Figure IN).

Ultrastructural characterization of phospho-ERK
immunoreactivity. Substantia nigra neurons were iden-

tified at screening power by size and abundant neu-
romelanin particles. Immunogold labeling studies
revealed two discrete patterns of phospho-ERK
immunoreactivity (Figure 2). Intense immunolabeling
was observed in association with bundles of ~10 nm
thick fibrils (Figure 2A), or in membrane-delimited
cytoplasmic structures (Figure 2B). No significant
labeling was detected within nearby neuromelanin
granules or in association with lipofuscin. Diffuse
labeling was sometimes observed in rare glial nuclei
(not illustrated), but not in neuronal nuclei. No
immuno-gold labeling for phospho-ERK was observed
in the one control case examined by immuno-electron
microscopy, consistent with our negative immunohisto-
chemical and immunofluorescence studies of 7 other
age-matched control cases (52).

Selective labeling was observed within membrane
delimited cytoplasmic organelles consistent in size,
electron density and shape with mitochondria (Figures
2B, 3). Negatively stained internal cristae could be dis-
cerned but were usually disorganized (Figure 3, asterisks).
The majority of more normal appearing mitochondria
were unlabeled (Figure 3E). In contrast, heavily labeled
mitochondria were often delimited from the cytoplasm
by an additional single (Figure 3B) or double outer
membrane (Figure 3C), indicative of mitochondrial
autophagocytosis.

Discussion

Abnormally sustained activation of ERK contributes
to 6-OHDA toxicity in B65 (23) and SH-SYSY cell
lines (C. T. Chu, unpublished data). Immunocytochem-
istry reveals that phospho-ERK staining is cytoplasmic,
attaining a punctate or vesicular appearance at time
points corresponding with commitment to cell death
(52). Moreover, substantia nigra neurons in patients
with the full spectrum of Lewy body diseases display
unusual, discrete cytoplasmic accumulations of phospho-
ERK immunoreactivity (52). In this study, we found
that the phospho-ERK granules in human PD and DLB
substantia nigra neurons were rarely associated with an
endosomal marker, but were commonly associated with
three different mitochondrial markers. Ultrastructurally,
phospho-ERK immunogold labeling was associated
with filamentous bundles as well as accumulating in
mitochondria and autophagosomes.

Mitochondria are vulnerable to various insults and can
undergo enlargement and structural disorganization,
associated with decreased membrane potential and
reduced ATP production. Not only are mitochondria
important for energy homeostasis, but also they appear
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Figure 3. Immuno-gold localization of phospho-ERK to abnormal mitochondria. A-D. Gold particles were concentrated within dou-
ble membrane delimited cytoplasmic structures (short white arrows), most of which showed internal membranes (asterisks) con-
sistent with mitochondria. Membranes appear as negatively stained structures in these uranyl-stained sections. At higher magnifi-
cation, a distinct single (B, black arrows) or double (C, long white arrow) membrane can be seen extending around many of the
mitochondria, indicative of autophagocytosis. Gold labeling was also observed within the autophagosome membrane (B, lower right).
The most heavily labeled mitochondria showed disorganized internal membranes (A, B). E. The majority of normal appearing mito-
chondria with organized parallel cristae (asterisks) showed little to no labeling. Scale bars=100 nm.

to play pivotal roles in the active regulation of cell
death. Moreover, a variety of human and experimental
studies implicate mitochondrial dysfunction as a key
element in PD pathogenesis (5, 8, 45).

Phospho-ERK can regulate cell survival/death
through phosphorylation of Bcl-2 family members (3, 6).
In addition, MAP kinase signaling modules have been
reported in mitochondrial fractions isolated from cardiac
myocytes (3). While it is unclear whether the MAP

kinases are located within cardiac mitochondria or are
assembled cytoplasmically in association with the outer
membrane, there is biochemical evidence supporting a
role for other kinases in mitochondrial inner membrane
and matrix fractions (46). To our knowledge, this study
of Lewy body disease neurons presents the first ultra-
structural demonstration of an activated kinase inside
mitochondria. While it is unclear whether ERK is nor-
mally present within mitochondria or gains entry fol-
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lowing mitochondrial injury, the association of phos-
pho-ERK granules with a subset of mitochondria in PD
and DLB brains suggest a potential interaction between
mitochondrial function and ERK signaling pathways in
parkinsonian neurodegeneration.

In addition to potential effects upon mitochondrial
biology and turnover, altered patterns of phospho-ERK
subcellular localization could influence neuronal viability
and function through transcriptional effects as well.
ERK signaling is typically initiated by receptor-mediated
activation of Ras family GTPases, followed by sequen-
tial activation of cytoplasmic kinases (12, 36). Activat-
ed ERK then classically translocates to the nucleus and
regulates trophic or pro-survival transcription (6, 38).
Thus, cytoplasmic retention or diversion of ERK and/or
its downstream targets may serve to inhibit neuroprotec-
tive transcriptional responses to injury (E. M. Chalovich
and C.T. Chu, unpublished data). It is interesting to note
that, in our cell culture model, persistent, cytoplasmic
ERK phosphorylation can be inhibited by antioxidant
treatment (22, 52). This suggests potential differences in
the mechanism and downstream effects of oxidatively
activated ERK compared to ERK activated in response
to trophic stimuli.

Dysfunction of cellular degradation has been impli-
cated in PD pathogenesis. Macroautophagy is the primary
means of degrading long-lived proteins and damaged
organelles. The autophagic process begins with the
remodeling of subcellular membranes into double-
membrane vesicles that sequester cytoplasm and
organelles in autophagic vacuoles. Shortly thereafter,
the inner membrane is lost, resulting in single-mem-
brane vesicles containing recognizable organelles (42).
The contents of the autophagolysosome are ultimately
degraded by lysosomal degradative enzymes (21).
While autophagocytosis has been studied largely in the
context of starvation or large scale tissue remodeling,
recent evidence suggests that autophagy may also char-
acterize a form of programmed cell death (7).

Increased autophagosomes have been observed in
human PD nigral neurons (2), but not in nigral neurons
during normal aging (1). Recent experimental evidence
also implicates autophagy in mechanisms of dopamine
neuron toxicity (24, 25, 44). PC12 cells transfected
with the mutant AS53T a-synuclein undergo an
autophagosome-rich form of cell death distinct from
apoptosis (44). There was little evidence of colocaliza-
tion of a-synuclein with cathepsin D, suggesting that
deleterious effects of mutant a-synuclein may occur at
the level of endosomes or early autophagosomes (44).
Likewise, we found accumulation of phospho-ERK in

human substantia nigra neurons in association with
early autophagosomes by immuno-EM, but did not
observe significant colocalization of phospho-ERK
granules with mature lysosomal structures containing
cathepsin D or lipofuscin. The absence of phospho-
ERK immunoreactivity in mature lysosomes may
reflect dephosphorylation or degradation within lyso-
somes, or dissociation from autophagosomes prior to
formation of secondary lysosomes.

Intense labeling of phospho-ERK was also observed
in association with ~10 nm fibrils. These may represent
intermediate filaments such as neurofilament, which is
a component of Lewy bodies. In our immunofluorescence
studies, we noted association of P-ERK with the halo
region of Lewy bodies, and in the periphery of a-synu-
clein immunoreactive deposits (52). Interestingly, a-
synuclein itself appears to associate with signaling pro-
teins including ERK (34). A subset of substantia nigra
neurons also exhibited colocalization of P-ERK with
the endosomal marker Rab5. Indeed, P-ERK signaling
modules have been shown to assemble on the cytoplas-
mic surface of early endosomes (40), particularly in
association with B-arrestin scaffolds (27). Moreover,
phospho-ERK1 is able to phosphorylate Rab5a, sug-
gesting a role in regulating membrane trafficking (10).
A possible role for ERK?2 in regulating colon cancer
cell autophagy has also been reported (33).

It has been proposed that membrane potential alter-
ations involving increasing numbers of mitochondria
links autophagy, apoptosis, and necrosis into a mecha-
nistic continuum (26). Selective mitochondrial removal
from cells has been noted with many forms of injury, and
may correspond with commitment to cell death (47).
Autophagy has been suggested as an alternative mech-
anism of death execution in post-mitotic sympathetic neu-
rons (51). Alternatively, increased autophagocytosis
may represent a protective, compensatory response to
neuronal injury, potentially sequestering harmful prod-
ucts of damaged mitochondria from the cytosol. Further
studies to elucidate the role of mitochondrial autophagy
in Parkinsonian pathogenesis will serve to clarify these
issues.

To summarize, discrete phospho-ERK accumula-
tions are associated with abnormal mitochondria,
autophagosomes, and fibrillar cellular elements within
substantia nigra neurons of patients with PD and DLB.
While the mechanisms of cell death in Parkinson’s and
related Lewy body diseases are still unclear, altered
kinetics and subcellular localization of activated kinas-
es may serve to regulate mitochondrial and autophagic
responses during the neurodegenerative process.
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