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Abstract

Parkinson’s disease (PD) is a motor disorder that involves death of dopaminergic neurons in the

substantia nigra pars compacta. Parkin is an autosomal recessive gene that is mutated in early

onset PD. We investigated the role of parkin and autophagic clearance in postmortem nigrostriatal

tissues from 22 non-familial sporadic PD patients and 15 control samples. Parkin was insoluble

with altered cytosolic expression in the nigrostriatum of sporadic PD. Parkin insolubility was

associated with lack of degradation of ubiquitinated proteins and accumulation of α-Synuclein and

parkin in autophagosomes, suggesting autophagic defects in PD. To test parkin’s role in mediating

autophagic clearance, we used lentiviral gene transfer to express human wild type or mutant

parkin (T240R) with α-Synuclein in the rat striatum. Lentiviral expression of α-Synuclein led to

accumulation of autophagic vacuoles, while co-expression of parkin with α-Synuclein facilitated

autophagic clearance. Subcellular fractionation showed accumulation of α-Synuclein and p-Tau in

autophagosomes in gene transfer models, similar to the effects observed in PD brains, but parkin

expression led to protein deposition into lysosomes. However, parkin loss of function mutation did

not affect autophagic clearance. Taken together, these data suggest that functional parkin regulates

autophagosome clearance, while decreased parkin solubility may alter normal autophagy in

sporadic PD.
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Introduction

Parkinson’s disease (PD) is predominantly sporadic, but some disease-causing mutations

suggest a genetic component in disease pathogenesis. Rare mutations in a number of genes

are associated with familial forms of PD (Gasser, 2009). Dominantly inherited mutations in

leucine-rich repeat kinase 2 (LRRK2) and α-Synuclein cause late onset PD. Genome-wide

association studies suggest that naturally occurring sequence variants in α-Synuclein and

LRRK2, as well as Tau, constitute an increased risk for late onset sporadic PD (Martin-

Villalba et al., 2001, Healy et al., 2004, Cookson and Bandmann, 2010). PD is characterized

by death of dopaminergic neurons in the substantia nigra (SN) (Kuhn et al., 2006, Benner et

al., 2008, Reynolds et al., 2008) and formation of inclusions known as Lewy bodies (LBs),

which primarily contain aggregated α-Synuclein (Spillantini et al., 1997, Wakabayashi et

al., 1997, Spillantini et al., 1998a, Spillantini et al., 1998b, Goedert, 1999, Spillantini and

Goedert, 2000, Takeda et al., 2000, Goedert, 2001, Trojanowski and Lee, 2003, Lundvig et

al., 2005). Mutations in autosomal recessively inherited genes like PARK-2, PTEN-induced

kinase-1 (PINK1) and DJ-1, lead to early onset Parkinsonism (Kitada et al., 1998, Lucking

et al., 2000, Cookson and Bandmann, 2010). Parkin is an E3 ubiquitin ligase involved in

degradation of misfolded proteins (Shimura et al., 2000). Parkin is known to mediate

selective autophagy of dysfunctional mitochondria (Narendra et al., 2008, Park et al., 2009,

Geisler et al., 2010, Vives-Bauza et al., 2010), while α-Synuclein was suggested to impair

autophagy (Winslow et al., 2010, Winslow and Rubinsztein, 2011). Normal autophagy is a

multi-step process that involves generation of the phagophores, formation of

autophagosomes, which fuse with endosomes to form amphisomes or with lysosomes to

form autophagolysosomes (Kovács et al., 1982, Iwata et al., 2005, He and Klionsky, 2009).

Changes in autophagy are recognized in neurodegeneration, where accumulation of

autophagosomes are characterized by un-degraded autophagic vacuoles in neurons (Kegel et

al., 2000, Nixon et al., 2005, Yang et al., 2007, Mizushima et al., 2008, Nixon et al., 2008,

Winslow and Rubinsztein, 2008).

To determine the role of parkin and its association with baseline autophagy in sporadic PD,

we analyzed human postmortem nigrostriatal tissues via fractionation to determine protein

solubility and investigated the effects of parkin on autophagic clearance in lentiviral gene

transfer animal models. We sought to determine whether lentiviral expression of α-

Synuclein affects autophagy and if parkin activity reverses α-Synuclein effects. We

previously generated animal models expressing lentiviral α-Synuclein and found that parkin

expression decreases α-Synuclein levels in the absence of ubiquitination (Burns et al., 2009,

Khandelwal et al., 2010). Here we tested whether parkin expression regulates α-Synuclein

clearance via autophagic degradation in vivo.

Materials and methods

Human postmortem brain tissues

Human postmortem caudate and midbrain regions from 22 PD patients and 15 age matched

control subjects were obtained from John’s Hopkins University brain bank. The age, sex,

stage of disease and postmortem dissection (PMD) are summarized for each patient in Table

1 and 2. The cause of death is not known. To extract the soluble fraction of proteins, 0.5 g of
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frozen brain tissues were homogenized in 1x STEN buffer (50 mM Tris (pH 7.6), 150 mM

NaCl, 2 mM EDTA, 0.2 % NP-40, 0.2 % BSA, 20 mM PMSF and protease and phosphatase

cocktail inhibitor), centrifuged at 10,000 g for 20 min at 4°C, and the supernatants were

collected. All samples were then analyzed by ELISA (see below) or Western blot using 30

μg of protein. To extract the insoluble fraction, the pellet was re-suspended in 4M urea

solution and centrifuged at 10,000g for 15 min, and the supernatant was collected and 30 μg

of protein was analyzed by Western blot. Western blots were quantified by densitometry

using Quantity One 4.6.3 software (Bio Rad). Densitometry was obtained as arbitrary

numbers measuring band intensity. Data were analyzed as mean±Standard deviation, using

Two-tailed t-test (P<0.02) and ANOVA, Neumann Keuls with multiple comparisons

(P<0.05) to compare PD and control groups.

Immunohistochemistry on slides from human patients was performed on 30 μm thick

paraffin embedded brain slices de-paraffinized in Xylenes 2×5 minutes and sequential

ethanol concentration, blocked for 1 hour in 10% horse serum and incubated overnight with

primary antibodies at 4°C. After 3x 10 minute washes in 1xPBS, the samples were incubated

with the secondary antibodies for 1hr at RT, washed 3×10 minutes in 1xPBS. Parkin was

immunoprobed (1:200) with mouse anti-parkin (PRK8) antibody that recognizes a.a. 399–

465 (Signet Labs, Dedham, MA) or rabbit polyclonal (1:200) anti-parkin (AB5112) antibody

that recognizes a.a. 305–323 (Millipore) and counterstained with DAPI. Map 2 was probed

(1:300) with mouse monoclonal antibody (Pierce). Glial Fibrillary Acid Protein (GFAP) was

probed (1:200) with mouse (GA5) Mouse mAb #3670 (Cell Signaling) or (1:200) rabbit

polyclonal (ab4674) antibody (Abcam). Tyrosine Hydroxylase (TH) was probed (1:100)

with rabbit polyclonal (AB152) antibody (Millipore) and counterstained with DAB.

Stereotaxic injection

Lentiviral constructs were used to generate the animal models as explained in (Burns et al.,

2009, Khandelwal et al., 2010, Herman and Moussa, 2011). Stereotaxic surgery was

performed to inject the lentiviral constructs into the striatum of 2-month old male Sprague-

Dawley rats. N=8 animals were used in each treatment. A total of 116 animals were used in

these studies. All procedures were approved by the Georgetown University Animal Care and

Use Committee (GUACUC).

Western blot analysis

To extract the soluble protein fraction, brain tissues were homogenized in 1x STEN buffer,

centrifuged at 10,000 × g for 20 min at 4°C, and the supernatants containing the soluble

fraction of proteins were collected. To extract the insoluble fraction the pellet was re-

suspended in 4M urea or 30% formic acid and adjusted to pH 7 with 1N NaOH and

centrifuged at 10,000 × g for 20 min at 4°C, and the supernatant containing the insoluble

fraction was collected and analyzed by Western blot. Total parkin was immunoprobed

(1:1000) with PRK8 antibody as indicated (Burns et al., 2009) and phospho-parkin was

probed (1:1000) with anti-Ser 378 antibodies (Pierce). α-Synuclein was probed with rabbit

monoclonal (1:1000) antibody (Santa Cruz). Autophagy antibodies, including beclin-1

(1:1000), autophagy like gene (Atg)-7 (1:1000), Atg12 (1:1000) and LC3-B (1:1000), were

used to probe according to autophagy antibody sampler kit 4445 (Cell Signaling, Inc).
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Histone deacetylase 6 (HDAC6) was probed (1:500) using rabbit polyclonal anti-HDAC6

(Abcam). Rabbit polyclonal anti-SQSTM1/p62 (Cell Signaling Technology) was used

(1:500). A rabbit polyclonal (Pierce) anti-LC3 (1:1000) and rabbit polyclonal (Thermo

Scientific) anti-actin (1:1000) were used. LAMP-3 was probed (1:500) rabbit polyclonal

antibody (Aviva Systems). Rabbit anti-ubiquitin (Santa Cruz Biotechnology) antibody

(1:1000) was used. Mitochondrial protein COX-IV was probed (1:1000) with rabbit

polyclonal (ab16056) antibody (Abcam) and human poly ADP-ribose polymerase (PARP-1)

was probed (1:1500) with monoclonal (MA3-950) antibody (Pierce).

Immunohistochemistry on rat brain tissues was performed on 20 micron-thick 4%

paraformaldehyde (PFA) fixed striatal brain sections and compared between treatments.

Parkin was probed (1:200) with Rabbit polyclonal antibody (Chemicon). Rabbit polyclonal

LC3-B (1:100) was used to probe LC3-B (Cell Signaling, Inc). Thioflavin-S and nuclear

DAPI staining were performed according to manufacturer’s instructions (Sigma).

Stereological methods- were applied by a blinded investigator using unbiased stereology

analysis (Stereologer, Systems Planning and Analysis, Chester, MD) to determine the total

positive cell counts in 20 cortical fields on at least 10 brain sections (~400 positive cells per

animal) as indicated in (Burns et al., 2009, Khandelwal et al., 2010, Herman and Moussa,

2011).

α-Synuclein, parkin and p-Tau enzyme-linked immunosorbent assay (ELISA)

Specific ELISA (Invitrogen) were performed using 50μl (1μg/μl) of brain lysates detected

with 50μl primary antibody (3h) and 100μl anti-rabbit secondary antibody (30 min) at RT.

Parkin levels using specific human ELISA (MYBioSource), and p-Tau and α-Synuclein

levels were measured using human specific ELISA (Invitrogen) according to manufacturers’

protocols.

Subcellular fractionation to isolate autophagic vacuoles

0.5g of Frozen human or animal brains were homogenized at low speed (Cole-Palmer

homogenizer, LabGen 7, 115 Vac) in 1xSTEN buffer and centrifuged at 1,000g for 10

minutes to isolate the supernatant from the pellet. The pellet was re-suspended in 1xSTEN

buffer and centrifuged once to increase the recovery of lysosomes. The pooled supernatants

were then centrifuged at 100,000 rpm for 1 hour at 4°C to extract the pellet containing

autophagic vacuoles (AVs) and lysosomes. The pellet was then re-suspended in 10 ml (0.33

g/ml) 50% Metrizamide and 10 ml in cellulose nitrate tubes. A discontinuous Metrizamide

gradient was constructed in layers from bottom to top as follows: 6 ml of pellet suspension,

10 ml of 26%; 5 ml of 24%; 5 ml of 20%; and 5 ml of 10% Metrizamide (Marzella et al.,

1982). After centrifugation at 10,000 rpm for 1 hour at 4°C, the fraction floating on the 10%

layer (Lysosome) and the fractions banding at the 24%/20% (AV 20) and the 20%/10%

(AV10) Metrizamide inter-phases were collected by a syringe and examined.

Transmission Electron Microscopy

Brain tissue were fixed in (1:4, v:v) 4% paraformaldehyde-picric acid solution and 25%

glutaraldehyde overnight, and then washed 3x in 0.1M cacodylate buffer and osmicated in

1% osmium tetroxide/1.5% potassium ferrocyanide for 3h, followed by another 3x wash in
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distilled water. Samples were treated with 1% uranyl acetate in maleate buffer for 1 h,

washed 3 x in maleate buffer (pH 5.2), then exposed to a graded cold ethanol series up to

100% and ending with a propylene oxide treatment. Samples are embedded in pure plastic

and incubated at 60°C for 1–2 days. Blocks are sectioned on a Leica ultracut microtome at

95 nm, picked up onto 100 nm formvar-coated copper grids, and analyzed using a Philips

Technai Spirit transmission EM. All sections were acquired and analyzed by a blind

investigator.

Results

Decreased parkin solubility in postmortem striatum of sporadic PD patients

To determine the role of parkin in the brain of sporadic PD patients, we analyzed human

postmortem striatal (caudate) tissues from 12 PD patients and 7 age-matched controls as

described in Table 1. ELISA measurement of soluble human parkin revealed a significant

(P<0.05) decrease (36%) in parkin levels in PD caudate/striatum compared to control (Fig.

1A). Western blot analysis of soluble striatal extracts confirmed the decrease in parkin levels

in PD patients compared to control (Fig. 1B and C, 54%). No differences in parkin levels

were detected in PD cortex (data not shown). Probing with anti-ubiquitin antibody showed a

higher smear of ubiquitinated proteins in PD striatum compared to control (Fig. 1B).

However, all samples with PMD greater than 16h showed significantly (P<0.02, two-tailed

t-test) higher levels of ubiquitin (48%) in both groups and higher parkin levels (25%) with

PMD greater than 13h within the PD group. To further investigate whether the decreased

degradation of proteins results in alteration of solubility, we extracted the insoluble proteins

in 4M urea (explained in Methods). An increase in the level of parkin was detected in the

insoluble fraction (Fig. 1D and E , 82%) in contrast to the soluble extract, which was hardly

detected. Parkin phosphorylation at serine 378, which was not detected in the soluble

fraction, was observed in the insoluble extract (Fig. 1D and E, 114%). Additionally, more

ubiquitinated proteins (Fig. 1D, 3rd blot) were also detected in the insoluble fraction. The

variations among the samples are represented to show variation among individual samples,

including soluble, insoluble and phospho-parkin (Fig. 1F). Taken together these data suggest

decreased parkin solubility and increased phosphorylation in PD.

Altered parkin expression and loss of tyrosine hydroxylase neurons in the nigrostriatum
of sporadic PD patients

To determine whether parkin expression is altered in sporadic PD, we analyzed human

postmortem midbrain sections from 10 PD patients and 8 control subjects as identified in

Table 2. To determine the difference in parkin staining between PD and control brains, we

probed serial brain sections collected from each case with human anti-parkin antibody

(PRK8) that recognizes a.a. 399–495 and counterstained with either GFAP or DAPI. We

used confocal microscopy and observed diffuse parkin cytosolic staining in the caudate (Fig.

2A) and within GFAP-stained astrocytes (yellow stain) of control brain sections (Fig. 2B),

and TH staining (Fig. 2C) was also observed in the caudate of a control subject (case 1683).

However, intense cytosolic staining in the caudate (Fig. 2D, arrow), and within astrocytes

(Fig. 2E), with diminished TH staining (Fig. 2F) were observed in a PD/AD patient (case

2215). To ascertain that parkin or GFAP staining were not due to auto-fluorescence in
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human slides we incubated slides with and without secondary and or primary antibodies and

determined via confocal microscopy the absence of non-specific antibody binding (Data not

shown). We further examined parkin expression in midbrain/SN brain regions. Diffuse

parkin cytosolic staining (Fig. 2G) and within GFAP-stained astrocytes (Fig. 2H) with TH

staining (Fig. 2I) were observed in serial sections of midbrain/SN of control brain (case

1855). Intense cytosolic parkin staining (Fig. 2J, arrow), and within astrocytes (Fig. 2K),

with significantly diminished TH staining (Fig. 2L) were observed in a PD patient (case

2315). We then used another combination of antibodies using the AB5112 clone that detects

parkin at a.a. 305–323 and GFAP antibodies to verify our results. Intense cytosolic parkin

staining (Fig. 2M, arrow), and within astrocytes (Fig. 2N), with significantly diminished TH

staining (Fig. 2O) were observed in a PD/dementia patient (case 2243). We then used

MAP-2 as a neuronal marker and co-stained with parkin (DAPI counterstain) and TH.

Parkin staining (Fig. 3A) was diffuse within the cytosol and was largely localized to MAP-2

labeled neurons (Fig. 3B & C) in the midbrain/SN of a control subject (case 1277). TH

staining was also detected in serial brain sections (Fig. 3D). However, more intense and less

diffuse parkin staining was detected in the cytosol of DAPI stained cells (Fig. 3E) and

parkin staining was localized to MAP-2 stained neurons (Fig. 3F&G), with significantly

decreased TH staining (Fig. 3H) in the midbrain/SN of a PD/Dementia patient (case 2267).

It is worth it to note that MAP-2 staining was difficult in PD patients as neurons seem to

become smaller and less numerous.

Alteration of baseline autophagy in post-mortem striatum of PD patients

We previously demonstrated that exogenous parkin expression is associated with autophagic

clearance (Herman and Moussa, 2011, Khandelwal et al., 2011b). To determine whether the

change in parkin solubility is associated with changes of baseline autophagy, we examined

the level of some autophagic markers in human PD striatal extracts. We examined markers

of the autophagic cascade, including microtubule-associated light chain protein 3 (LC3).

Probing with anti-LC3 antibody suggested an increase in LC3-II levels compared to LC3-I

(Fig. 3I&J, 1st blot, 78%, N=12 PD and 7 control), indicating possible conversion and

lipidation of LC3. LC3-I is abundant and stable in the brain, the ratio of LC3-II to LC3-I or

the amount of LC3-II can be used to monitor the amount of autophagosome (Koike et al.,

2005). LC3 is expressed as three isoforms in mammalian cells, LC3-A, LC3-B and LC3-C

(He et al., 2003). Because LC3-II itself is degraded by autophagy (Mizushima and

Yoshimori, 2007), we measured the amount of LC3 using an antibody specific for the LC3-

B isoform. An increase in the level of LC3-B was detected in human striatal extracts from

PD patients (N=12) compared to control (N=7) subjects (Fig. 3I&J, 2nd blot, 48%. P<0.05,

ANOVA, Neumann Keuls). We then performed subcellular fractionation to isolate

autophagic vacuoles and lysosomes and measured the levels of α-Synuclein, parkin and p-

Tau using quantitative ELISA. First we determined whether the subcellular fractionation

assay successfully extracted autophagosomes from lysosomes in frozen human tissues.

Western blot analysis on PD patients brain lysates showed the lysosome-associated

membrane glycoprotein 3 (LAMP-3) in the floating fraction containing lysosomes (Fig. 3K,

1st blot), while both the AV-10 and AV-20 fractions contained LC3-B (Fig. 3K, 2nd blot),

suggesting that frozen human brains contain autophagic vacuoles and our fractionation did

isolate autophagosomes from lysosomes. We also probed for mitochondrial marker
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cytochrome c oxidase-IV (COX-IV, Fig. 3K, 3rd blot) and nuclear marker Poly ADP-ribose

polymerase (PARP-1, Fig. 3K, 4th blot), and detected these markers in all fractions,

suggesting that brain samples contained intact organelles. Mitochondrial proteins may not be

in autophagosomes, as this gradient subcellular fractionation may also extract mitochondria.

A comprehensive assay that clearly shows mitochondria in autophagosomes or lysosomes

has to be performed with both IHC co-labeling with LC3-COX-IV (autophagosome) or

cathepsin-D-COX-IV (Lysosome) coupled with immuno-EM to determine mitochondrial

accumulation in separate autophagic vacuoles. We then used ELISA and measured protein

levels in subcellular extracts. The level of α-Synuclein was significantly increased (P<0.05,

N=12 PD and 7 control) in AV-10 (31%) and AV-20 (64%) compared to control (Fig. 3L,

ANOVA, Neumann Keuls), but no α-Synuclein was detected in the lysosomal fraction.

Interestingly, ELISA measurement of parkin levels also showed a significant increase in

AV-10 (Fig. 3M, 24%) and AV-20 (Fig. 3M, 23%) and a slight non-significant (9%)

increase in the lysosome in PD (N=12) compared to control (N=7) subjects. We also

measured the levels of p-Tau as another protein marker that is occasionally associated with

PD pathology. Similarly, no p-Tau was detected in the lysosome but the levels of p-Tau

were significantly increased in AV-10 (54%) and AV-20 (64%) compared to control (Fig.

3N, N=12 PD and 7 control). Because AV-20 is enriched in autophagosomes (Marzella et

al., 1982), these data suggest accumulation of un-degraded proteins in autophagosomes in

PD.

Parkin attenuates α-Synuclein-induced protein accumulation in the striatum

Because we observed increased parkin insolubility and decreased soluble parkin levels in

association with alteration of autophagy in PD striatum, we sought to over-express parkin

and determine whether functional parkin can reverse α-Synuclein effects on autophagic

clearance. We generated gene transfer animal models targeting α-Synuclein expression to

the striatum of 2-month old rats (Khandelwal et al., 2010). Lentiviral parkin led to

significant increases (Fig. 4A, 53% by densitometry, N=8, P<0.05) in parkin levels and

lentiviral α-Synuclein led to significant increases (41%) in α-Synuclein levels. Co-

expression of parkin with α-Synuclein attenuated the levels of monomeric α-Synuclein (Fig.

4A) and reduced the level of higher molecular weight proteins back to control (LacZ) 4

weeks post injection (Khandelwal et al., 2010). No changes in total parkin levels were

observed in brains injected with lentiviral α-Synuclein (Fig. 4A, 1st blot) and no-

phosphorylated parkin was detected in rat brains. We then performed independent studies to

confirm changes in α-Synuclein levels using quantitative ELISA specific for human α-

Synuclein. The levels of human α-Synuclein were significantly increased (Fig. 4B, 54%,

N=8) in the striatum of animals injected with lentiviral α-Synuclein compared to LacZ or

parkin. Co-injection with lentiviral α-Synuclein and parkin reversed the levels of human α-

Synuclein back to control. Lentiviral delivery of parkin into the striatum resulted in a

significant increase in parkin when it was expressed alone (Fig. 4C, 44%, N=8) or in the

presence of α-Synuclein (53%, N=8).

We previously reported that α-Synuclein expression leads to p-Tau (Khandelwal et al.,

2010). Here we used an independent approach to determine changes in rat p-Tau using

ELISA. Expression of human α-Synuclein leads to a significant increase (Fig. 4D, 34%,
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N=8) in p-Tau in the rat striatum, but co-expression of parkin reverses p-Tau back to

control. Lentiviral expression of α-Synuclein in the striatum leads to detection of thioflavin-

S positive staining (Fig. 4F), compared to lentiviral parkin alone (Fig. 4F). However, co-

expression of parkin with α-Synuclein prevents the appearance of thioflavin-S positive

staining (Fig. 4G); suggesting that parkin attenuation of α-Synuclein levels may eliminate

thioflavin-S positive species in this animal model. To ascertain that thioflavin-S staining is

associated with α-Synuclein expression, we stained striatal sections with human α-

Synuclein antibody and showed no α-Synuclein staining in sections cut serially with the

thioflavin-S sections from lentiviral parkin injected rats (Fig. 4K), compared to an abundant

level of α-Synuclein in lentiviral α-Synuclein injected rats, congruent with thioflavin-S

staining (Fig. 4L), while parkin co-expression led to disappearance of human α-Synuclein in

the rat striatum (Fig. 4M).

Wild type functional parkin, not mutant T240R, mediates clearance of α-Synuclein-induced
autophagic vacuoles

We sought to determine whether α-Synuclein expression can change normal autophagy,

leading to formation of autophagic vacuoles in vivo. EM images of striatal sections showed

no vacuoles in lentiviral LacZ injected animals (Fig. 5A) 4 weeks post injection. Lentiviral

expression of α-Synuclein led to cytosolic accumulation of vacuoles (Fig. 5B, asterisks),

suggesting that α-Synuclein expression alters autophagy in the rat striatum. Co-expression

of parkin with α-Synuclein led to formation of autophagic vacuoles containing debris (Fig.

5C). To ascertain whether parkin function mediates clearance of autophagic vacuoles, we

used non-functional T240R parkin, which is a mutant form that loses its E3 ubiquitin ligase

activity, leading to ARJPD (Kitada et al., 1998, Lucking et al., 2000, Shimura et al., 2000).

Co-expression of mutant T240R parkin with α-Synuclein did not prevent the accumulation

of cytosolic vacuoles (Fig. 5D, asterisks), suggesting that parkin mediates autophagic

clearance via its E3 ubiquitin ligase function.

We then measured the levels of human α-Synuclein and p-Tau using quantitative ELISA in

subcellular fractions. A significant increase (62%, P<0.05, N=5) in the level of α-Synuclein

was detected in AV-10 (Fig. 5E) and AV-20 (19%) compared to LacZ injected animals.

However, co-expression of parkin eliminated α-Synuclein from AV-10 and significantly

increased its levels in AV-20 (45%) and lysosomes (24%) compared to LacZ (Fig. 5E). Co-

expression of α-Synuclein with T240R resulted in significantly elevated (51%) levels of α-

Synuclein in AV-10, and unlike wild type parkin, failed to show any deposition in AV-20,

which is enriched in autophagosomes (Marzella et al., 1982) or lysosomes. Significantly

increased levels (P<0.05, N=5) of p-Tau were detected in AV-10 in animals injected with α-

Synuclein (34%) or α-Synuclein+T240R (39%) compared to LacZ. However, wild type

parkin expression led to a significant increase of p-Tau in AV-10 (19%) and lysosome

(21%) compared to LacZ, α-Synuclein and α-Synuclein+T240R (Fig. 5F). It is worth it to

note that no parkin as measured by ELISA was detected in subcellular fractions in these

animal models, suggesting that parkin accumulation in autophagic vesicles may take place

over a protracted time period in PD.

Lonskaya et al. Page 8

Neuroscience. Author manuscript; available in PMC 2014 June 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Functional parkin, not mutant T240R, regulates autophagic clearance in the striatum of α-
Synuclein expressing animals

To determine the mechanisms by which parkin can mediate clearance of autophagic

vacuoles in the rat striatum, we examined molecular markers of the autophagic pathway.

WB analysis showed no difference in beclin-1 levels in animals injected with lentiviral

LacZ, parkin or α-Synuclein alone (Fig. 6A). A significant increase in beclin-1 levels (54%

by densitometry, N=8, P<0.05) was observed when parkin was co-expressed with α-

Synuclein, suggesting that parkin responds to α-Synuclein-induced stress. The levels of

Atg7 and Atg12 were also significantly increased by 41% and 33%, respectively, in parkin

+α-Synuclein injected animals (Fig. 6A) compared to animals injected with LacZ, parkin or

α-Synuclein alone. No changes in LC3-B levels were observed between animals injected

with lentiviral LacZ or parkin alone (Fig. 6B) but α-Synuclein expression significantly

increased (51%) LC3 levels (Fig. 6B), suggesting increased amount of autophagosomes. Co-

expression of parkin and α-Synuclein decreased the levels of LC3-B (29% by densitometry,

N=8, P<0.05), suggesting degradation of LC3-B-containing autophagic vacuoles. No

changes were also observed in HDAC6 levels (Fig. 6B) between animals injected with

LacZ, parkin or α-Synuclein alone, but HDAC6 level was significantly increased (37%)

levels (Fig. 6B) when animals were co-injected with parkin and α-Synuclein together,

suggesting that parkin expression facilitates fusion between autophagosomes and lysosomes

(Iwata et al., 2005). No differences in the levels of molecular markers of autophagy were

observed when mutant T240R parkin was injected either alone or with α-Synuclein (data not

shown). These data suggest that parkin E3 ubiquitin ligase activity may up-regulate protein

levels of the beclin-1-dependent autophagic cascade, facilitating autophagic clearance.

We supplemented the EM and WB data with immunohistochemistry to determine the

presence of LC3-B. Staining with anti-LC3-B antibody showed no reactivity in the striatum

of animals injected with lentiviral parkin (Fig. 6C). Lentiviral expression of α-Synuclein led

to an increase in immunoreactivity to LC3-B (Fig. 6D). Stereological counting of LC3-B

positive cells revealed a significant increase (Fig. 6G. 43%, P<0.05, N=8) in striata injected

with α-Synuclein. Co-injection of lentiviral parkin with α-Synuclein (Fig. 6E) resulted in

disappearance of LC3-B from the striatum. To further ascertain that functional E3 ubiquitin

ligase parkin mediates autophagic changes, we used LC3-B antibodies in striatal sections co-

injected with α-Synuclein and mutant T240R parkin (Fig. 6F) and observed no elimination

of LC3-B staining in these animals. Stereological counting of LC3-B stained cells in the

striatum co-injected with α-Synuclein and T240R showed a significant increase (37%) in

LC3-B reactivity compared to LacZ (Fig. 6F&G). To further determine whether wild type

parkin leads to clearance of ubiquitinated proteins via autophagy we stained with anti-P62

antibody. The levels of P62 were significantly (P<0.05, N=8) increased when α-Synuclein

(41% by densitometry relative to actin) was expressed compared to LacZ (Fig. 6F).

However, parkin co-expression led to complete disappearance of P62 staining, suggesting

autophagic degradation of ubiquitinated proteins.
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Discussion

These studies show decreased parkin solubility in the striatum of sporadic PD patients,

independent of early onset disease-causing mutations. Parkin decreased solubility may result

from increased phosphorylation, leading to possible enzyme inactivity in sporadic PD,

suggesting that aging is a condition that decreases parkin solubility, leading to progressive

susceptibility of the brain to stress (Wang et al., 2005). Parkin was previously shown to be

prone to misfolding with many familial-PD mutations (Cookson et al., 2003, Henn et al.,

2005, Hampe et al., 2006) and PD-linked stressors, including neurotoxins (MPP+, rotenone,

6-hydroxydopamine) and dopamine, which alter parkin solubility and result in its

intracellular aggregation (Wang et al., 2005). Importantly, parkin functions as part of a

number of multiprotein complexes, including PINK1 (Greene et al., 2003, Clark et al., 2006,

Park et al., 2006), to mediate mitophagy (Narendra et al., 2008, Narendra et al., 2010), the

Skp1-Cullin-Fbox (SCF)-like complex to facilitate proteasomal degradation of Cyclin E

(Staropoli et al., 2003), and the chaperone Hsp70, and the U-Box protein CHIP (carboxy

terminus of Hsc70 interacting protein) (Imai et al., 2002), so allosteric alterations may lead

to changes in parkin activity (Wenzel et al., 2011) with partner proteins. We previously

demonstrated that wild type and not mutant loss-of-function parkin increases proteasome

activity (Burns et al., 2009, Khandelwal et al., 2010, Rosen et al., 2010), leading to

degradation of ubiquitinated proteins, while proteasome inhibition leads to ubiquitinated

protein accumulation. Furthermore, the polyglutamine expansion of ataxin-3 was recently

shown to reduce parkin levels via autophagy in vivo (Durcan and Fon, 2011, Durcan et al.,

2011), suggesting that ataxin-3 is another binding partner for parkin. Taken together, our

data are consistent with these findings and suggest that parkin solubility is decreased and

parkin aggregates may be removed via autophagy in aging brains. Additionally, decreased

parkin solubility is associated with alteration of its activity via increased phosphorylation by

several kinase activity, including casein kinase 1, protein kinase A, protein kinase C

(Yamamoto et al., 2005), cyclin-dependent kinase 5 (Avraham et al., 2007, Rubio de la

Torre et al., 2009), c-Abelson (Abl) (Ko et al., 2010, Imam et al., 2011) and potentially

PINK1 (Kim et al., 2008, Sha et al., 2010). Therefore, the increased level of insoluble

phosphorylated parkin suggests that parkin activity is reduced in sporadic PD.

The human data showed internal variability between samples. Some samples were collected

as early as 2 hours post-mortem and there is lack of comprehensive clinical data on patients,

implying diagnostic uncertainty. We do also not know the cause of death in these patients.

However, these data show that parkin may be degraded in autophagic vacuoles, perhaps as it

becomes insoluble and detection of autophagic vacuoles in human frozen tissues is

intriguing. Although we performed the COX-IV and PARP WB as controls for fractionation,

it is hard not to notice the level of mitochondrial proteins in autophagosomal fractions. The

presence of mitochondrial proteins may not be in autophagosomes, as the gradient

subcellular fractionation we performed may also extract mitochondria. A comprehensive

assay that clearly shows mitochondria in autophagosomes or lysosomes has to be performed

via co-labeling with LC3-COX-IV (autophagosome) or cathepsin D-COX-IV (Lysosome)

coupled with immuno-EM to determine mitochondrial accumulation in separate autophagic

vacuoles. Dysfunction in autophagy, including chaperon-mediated autophagy (CMA), was
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observed in PD (Ravikumar et al., 2004, Nixon et al., 2005, Sarkar et al., 2007, Pan et al.,

2008) and Dementia with LBs (DLB), where α-Synuclein accumulation may alter

autophagy and cause lysosomal dysfunction (Cuervo et al., 2004, Martinez-Vicente et al.,

2008, Xilouri et al., 2009). The accumulation of P62 in α-Synuclein expressing gene transfer

models, suggests impairment of CMA, leading to accumulation of the P62 sensor of

ubiquitinated proteins, however, the decrease in P62 when parkin was co-expressed with α-

Synuclein suggests clearance of ubiquitinated proteins. Additionally, α-Synuclein

aggregates were previously shown to alter parkin solubility in sporadic PD (Kawahara et al.,

2008) and inhibit macro-autophagy in cell models and transgenic animals (Winslow et al.,

2010). Here we show that parkin insolubility is associated with autophagic defects and

accumulation of both α-Synuclein and p-Tau in the autophagosome, suggesting either

increased autophagic induction or decreased protein degradation. The subcellular

fractionation we performed in human samples sequentially extracts AV-10 first (10%

Metrizamide gradient), which is more likely to contain early forming autophagic vacuoles

such as the phagophore and autophagosome together. The AV-20 is collected in a second

fraction (20% Metrizamide) to collect the remaining autophagosomes, suggesting that α-

Synuclein may accumulate in autophagosome and fails to be deposited in the lysosome (last

fraction) where it is potentially degraded by proteolytic enzymes. The differential

accumulation between parkin and p-Tau in AV-10 compared to α-Synuclein in AV-20 is

worth mentioning, as PD patients accumulate α-Synuclein throughout their life, leading to

autophagic defects, but when parkin solubility is altered or Tau is hyper-phosphorylated they

may accumulate in autophagic vacuoles that form earlier than the autophagosome-rich

AV-20, but later in the disease process. In addition, we recently demonstrated in similar

studies using post-mortem AD tissues compared to the same control subjects used in the

current studies (Lonskaya et al., 2012) that parkin accumulates with intraneuronal Aβ and

displays decreased solubility in the hippocampus and cortex in association with identical

autophagic defects, suggesting that aging contributes to parkin insolubility and perhaps

inactivation. Therefore, parkin expression may contribute to autophagosome maturation,

including fusion between the autophagosome and lysosome to facilitate autophagic

clearance.

The animal studies demonstrate that α-Synuclein over-expression alters autophagy, in

agreement with the human data. Autophagosome accumulation could be due to lack of

maturation, leading to inefficient fusion with lysosomes (Kovács et al., 1982, Iwata et al.,

2005, He and Klionsky, 2009). Parkin up-regulation of the protein levels of molecular

markers of autophagy in the presence of α-Synuclein, suggests that the E3 ubiquitin ligase

function may regulate autophagosome maturation and clearance in response to cellular

stress, consistent with our previous observation (Lonskaya et al., 2012). Activation of

autophagy improves dopaminergic cell survival in parkin deficient and Tau over-expressing

mice (Rodriguez-Navarro et al., 2010). Parkin modulates beclin-1-LC3 mediated autophagy

(Chen et al., 2010) and our data show that loss of parkin function (T240R) is associated with

lack of autophagosome clearance in α-Synuclein gene transfer models. Further studies are

needed to address the effects of endogenous parkin on autophagic protein markers in

response to α-Synuclein and other amyloid stress.
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Expression of α-Synuclein contributes to p-Tau and formation of amyloidogenic proteins,

perhaps clogging the cell. The current data suggest that amyloid accumulation results in Tau

modification (Khandelwal et al., 2010, Rebeck et al., 2010) and protein aggregation similar

to over-expression of Tau (Khandelwal et al., 2011a) or Aβ1–42 (Lonskaya et al., 2012).

Accumulation of autophagosomes in neurodegeneration may be due to reduced autophagic

flux (Gonzalez-Polo et al., 2005). Parkin expression prevents formation of amyloidogenic

proteins and p-Tau, and leads to an increase of HDAC6 levels. Tau regulates HDAC6

function (Perez et al., 2009), suggesting that HDAC6 is a potential modulator of Tau

phosphorylation and accumulation (Ding et al., 2008). Autophagosomes recruit lysosomes

via retrograde transport on microtubules, requiring an intact microtubule cytoskeleton and

cytoplasmic HDAC6 to mediate the fusion of autophagosome with the lysosome (Iwata et

al., 2005). Further studies are necessary to better understand the role of Tau in facilitating

transport of autophagic organelles in the cell.

In conclusion, decreased parkin solubility may reflect diminished parkin function, which can

potentially lead to alteration of baseline autophagy, including parkin, α-Synuclein and p-Tau

clearance. Lentiviral expression of α-Synuclein leads to p-Tau and accumulation of

autophagic vacuoles. Our data demonstrate an association between α-Synuclein and

autophagic dysfunction in PD, and indicate a beneficial role for parkin in autophagic

clearance. Parkin role in autophagic clearance could be exploited as a therapeutic strategy in

PD.
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Highlights

Parkin is insoluble and accumulates in the nigrostriatum of sporadic PD brains

Decreased parkin solubility may alter normal autophagy in sporadic PD brains

Functional, not mutant, parkin gene transfer enhances autophagic clearance

Aging may reduce parkin solubility and function to regulate autophagic clearance
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Figure 1. Parkin is insoluble in post-mortem striatum of human PD patients
A). Histograms represent ELISA measurement of human parkin in the caudate of PD

patients and control subjects. B). WB analysis on 4–12% SDS-NuPAGE gel of soluble

human post-mortem striatal lysates in PD patients and control subjects, showing parkin (1st

blot) and ubiquitinated proteins (2nd blot) compared to actin loading control. C). Histograms

represent quantification of blots. D). WB analysis on 4–12% SDS NuPAGE gel showing the

levels of insoluble parkin (1st blot), phospho-parkin (2nd blot), ubiquitinated proteins (3rd

blot), and actin (4th blot). E). Histograms represent quantification of blots. Asterisks indicate

significantly different. F). Box plot represents individual samples of human PD patients and
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age-matched controls. Histograms are mean±SD expressed as % to control. ANOVA,

Neumann Keuls with multiple comparison, or non-parametirc t-Test. P<0.05. N=12 PD

patients and 7 control subjects.
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Figure 2. Immunostaining of human tissues with human parkin, and GFAP antibodies
Immunostaining of 20 μm thick paraffin embedded serially sectioned brains with A). human

anti-parkin (PRK8) staining and counterstaining with nuclear marker DAPI showing

cytosolic protein, B). co-staining with parkin and glial marker GFAP showing parkin

expression in astrocytes, C). TH staining in the caudate of a control subject. D). Parkin

staining and counterstaining with nuclear marker DAPI showing cytosolic protein, E). co-

staining with parkin and glial marker GFAP showing parkin expression in astrocytes, F). TH

staining in the caudate of a PD/AD patient. G). Parkin staining and counterstaining with

DAPI showing cytosolic protein, H). co-staining with parkin and glial marker GFAP

Lonskaya et al. Page 21

Neuroscience. Author manuscript; available in PMC 2014 June 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



showing parkin expression in astrocytes, I). TH staining in the midbrain/SN of a control

subject. J). Parkin staining and counterstaining with DAPI showing cytosolic protein, K).

co-staining with parkin and glial marker GFAP showing parkin expression in astrocytes, L).

TH staining in the midbrain/SN of a PD patient. M). human anti-parkin (AB5112) staining

and counterstaining with nuclear marker DAPI showing cytosolic protein, N). co-staining

with parkin and glial marker GFAP showing parkin expression in astrocytes, O). TH

staining in the caudate of a control subject.
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Figure 3. Subcellular fractionation in frozen human PD brain tissues
A). human anti-parkin (AB5112) staining and counterstaining with nuclear marker DAPI

showing cytosolic protein, B). neuronal marker MAP-2 staining and DAPI and C). merged

parkin and MAP-2 in serial sections stained with D). TH in the midbrain/SN of a control

subject. E). human anti-parkin (AB5112) staining and counterstaining with nuclear marker

DAPI showing cytosolic protein, F). neuronal marker MAP-2 staining and DAPI and G).

merged parkin and MAP-2 in serial sections stained with H). TH in the midbrain/SN of a PD

with Dementia patient. I). WB analysis on 4–12% SDS NuPAGE gel of human striatal

lysates showing expression of LC3-I and LC3-II (first panel), LC3-B (second panel)

compared to actin loading control (bottom panel) J). Histograms represent densitometry

analysis of blots. K). Western blot in subcellular extracts showing LC3-B in AV-10 and

AV-20 and LAMP-3 in lysosomal fraction, as well as mitochondrial marker COX-IV and

nuclear marker PARP-1. Graphs represent subcellular fractionation and ELISA

measurement of L). human α-Synuclein, M). human parkin and N). human p-Tau (AT8).

Asterisks indicate significantly different to control. ANOVA, Neumann Keuls with multiple

comparison, P<0.05. N=12 PD patients and 7 control subjects.
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Figure 4. Lentiviral expression of α-Synuclein leads to p-Tau and parkin reverses these effects
A). WB analysis on 4–12% SDS-NuPAGE gel of rat striatal extracts showing levels of

parkin (top blot) and α-Synuclein (middle blot) expression and actin levels (lower blot). B).

Histograms represent quantification of human α-Synuclein levels by ELISA. C). Histograms

represent quantification of human parkin activity. D). ELISA measurement of rat p-Tau.

Thioflavin-S staining of 20 μm striatal sections in lentiviral E). parkin, F) α-Synuclein and

G). parkin+α-Synuclein injected brains. Human α-Synuclein staining of 20 μm sections cut

serially with the thioflavin-S sections in lentiviral K). parkin, L) α-Synuclein and M).

parkin+α-Synuclein injected brains. Asterisks indicate significantly different. Histograms
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are mean±SD expressed as % control. ANOVA, Neumann Keuls with multiple comparison,

P<0.05. N=8 animals per treatment for WB and ELISA, 8 for IHC.
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Figure 5. Wild type, but not T240R, parkin reverses α-Synuclein-induced accumulation of
autophagosomes
Electron micrographs of striatal sections in rat brains injected with A). Lentiviral LacZ (Lv-

LacZ) as control, B). Lentiviral α-Synuclein (Lv-Syn), C). Lentiviral parkin + lentiviral-α-

Synuclein (Lv-Syn+Lv-Par), vacuoles contain debris and D). Lentiviral α-Synuclein +

lentiviral T240R (Lv-Syn+Lv-T240R), asterisk indicates autophagic vacuoles. N=8. Graphs

represent subcellular fractionation and ELISA measurement of E). α-Synuclein and F). p-

Tau in gene transfer animal models. ANOVA, Neumann Keuls with multiple comparison,

P<0.05. N=5 animals per treatment for subcellular fractionation.
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Figure 6. Functional parkin, not mutant T240R, reverses α-Synuclein alteration of normal
autophagy.
A). WB analysis on 4–12% SDS NuPAGE gel of rat striatal lysates showing expression of

beclin-1 (first panel), Atg7 (second panel) and Atg12 (third panel) compared to actin loading

control (bottom panel) in animals injected with Lv-LacZ, Lv-Par, Lv-Syn and Lv-Par+Lv-

Syn. B). WB analysis of rat striatal brain lysates showing expression of LC3-B (first panel),

and HDAC6 (second panel) compared to actin loading control (bottom panel) in animals

injected with Lv-LacZ, Lv-Par, Lv-Syn and Lv-Par+Lv-Syn. Staining of 20 μm thick

cortical brain sections injected with C). Lentiviral parkin (Lv-Par), D), Lentiviral α-

Synuclein (Lv-Syn) E). Lentiviral parkin + lentiviral α-Synuclein (Lv-Par+Lv-Syn) and F).

Lentiviral T240R + lentiviral α-Synuclein (Lv-T240R+Lv-Syn). G). Histograms represent

stereological counting of LC3-B positive cells in the striatum. F). Western blot analysis on

4–12% SDS NuPAGE gel with P62 antibody. Asterisks indicate significantly different.

Histograms are mean±SD converted to % control. ANOVA, Neumann Keuls with multiple

comparison, P<0.05. N=8 animals per treatment for WB and ELISA, 8 for IHC.
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