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Abstract
Parkinson’s disease [PD], a progressive neurodegenerative disease, results in abnormal
accumulation of insoluble alpha-synuclein [α-Syn] in dopaminergic neurons. Here we examined
tauopathic changes and the α-Syn/p-GSK-3β/proteasome pathway in postmortem striata and
inferior frontal gyri [IFG] from patients with PD and PD with dementia [PDD]. In both PD and
PDD, α-Syn levels were high, especially the insoluble form of this protein; in PDD, insoluble α-
Syn levels were persistently higher than PD across both brain regions. Levels of p-GSK-3β
phosphorylated at Tyr 216, which hyperphosphorylates Tau to produce toxic pathological forms of
p-Tau, were higher in striata of both PD and PDD compared to controls, but were unaltered in
IFG. While proteasomal activity was unchanged in striatum of PD and PDD, such activity was
diminished in the IFG of both PD and PDD. A decrease in 19S subunit of the proteasomes was
seen in IFG of PDD, while lower levels of 20S subunits were seen in striatum and IFG of both PD
and PDD patients. Parkin levels were similar in PD and PDD, suggesting lack of involvement of
this protein. Most interestingly, tauopathic changes were noted only in striatum of PD and PDD,
with increased hyperphosphorylation seen at Ser262 and Ser396/404; increases in Ser202 levels
were seen only in PD but not in PDD striatum. We were unable to detect any tauopathy in IFG in
either PD or PDD despite increased levels of α-Syn, and decreased proteasomal activity, and is
probably due to lack of increase in p-GSK-3β in IFG. Unlike Alzheimer’s disease where tauopathy
is more globally observed in diverse brain regions, our data demonstrates restricted expression of
tauopathy in brains of PD and PDD, probably limited to dopaminergic neurons of the nigrostriatal
region.
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INTRODUCTION
α-Synuclein (α-Syn) is ubiquitously expressed in brain and is highly enriched in presynaptic
nerve terminals, where its chief physiological function is the regulation of synaptic levels of
monoamine neurotransmitters through modulation of vesicular release (Murphy et al., 2000)
and their cognate transporters (Wersinger et al., 2005; Wersinger et al., 2006a; Wersinger et
al., 2006b). Overexpression of α-Syn, through its gene duplication and triplication, is linked
to idiopathic Parkinson’s disease (PD), while its A30P and A53T mutants cause the
autosomal dominant forms of familial PD (Hofer et al., 2004; Kruger et al., 1998;
Polymeropoulos et al., 1997). In pathological states, α-Syn becomes misfolded, aggregates
and accumulates in neuronal inclusion bodies, Lewy bodies (LBs), seen in PD and other
synucleinopathies (Goedert et al., 1998; Hofer et al., 2004). Tau, a microtubule binding
protein, is most commonly linked to Alzheimer’s disease [AD] and other tauopathies, where,
after hyperphosphorylation, it accumulates in neurons as neurofibrillary tangles [NFTs]
(Joachim et al., 1987).

Despite differences in clinical features, pathological and experimental evidence increasingly
indicates that there is considerable overlap between tauopathies and synucleinopathies,
reinforcing the notion that these diseases may be mechanistically linked. Thus, in AD, 50–
60% of patients with NFTs have α-Syn-containing LBs (Lippa et al., 1998; Iseki et al., 1999;
Arai et al., 2001; Szpak et al., 2001; Burns et al., 2005; Griffin et al., 2006) and in AD
patients with clinically detected extrapyramidal signs, 50% of the patients showed extensive
α-Syn pathology co-localized in the Substantia nigra with p-Tau (Mori et al., 2002). In PD
and in dementia with LBs, co-staining of p-Tau has been observed (Duda et al., 2002;
Yamaguchi et al., 2005) in 30–40% of the LBs in the nucleus basalis of Meynert and locus
coerulus, and in 10–30% of LBs in the medulla (Yamaguchi et al., 2005). Extensive overlap
in α-Syn and p-Tau pathology has been noted in patients with the A53T mutation (Yamazaki
et al., 2000; Kotzbauer et al., 2004), in the Parkinsonism-Dementia complex of Guam
(Forman et al., 2002), in dementia with LBs (Yancopoulou et al., 2005) and in familial
frontotemporal dementia and progressive aphasia (Hishikawa et al., 2003).

Despite this wealth of pathological information, the molecular and cellular interplay
between α-Syn and p-Tau leading to their pathological co-deposition is not understood.
Under normal physiological conditions, α-Syn is highly soluble. Under pathological
conditions, which include oxidative stress and overexpression, the protein becomes
insoluble, self-aggregates and accumulates into LBs (Nemes et al., 2004; Lippa et al., 1998;
Iseki et al., 1999; Mori et al., 2002). Similar to α-Syn, Tau is a highly soluble protein that
becomes insoluble by pathological hyperphosphorylation at specific sites with ensuing
conformational changes and accumulation of the protein into NFTs. Molecular evidence
suggests a direct interaction between these proteins, and when incubated together in vitro, α-
Syn serves as a seed to accelerate the aggregation of Tau (Kotzbauer et al., 2004).

Using the MPTP mouse neurotoxin model of PD, as well as MPP+ cellular models of PD,
we recently demonstrated that increases in α-Syn can initiate and sustain Tau
hyperphosphorylation both in vivo and in vitro, with co-precipitation of these proteins (Duka
et al., 2006; Duka & Sidhu 2006; Kozikowski et al., 2006; Duka et al., 2009). The
hyperphosphorylation of Tau was absolutely dependent on the presence of α-Syn, as
indicated by lack of any p-Tau formation in MPTP-treated α-Syn−/− mice or in neuronal
cells lacking α-Syn (Duka et al., 2006; Duka et al., 2009). Moreover, we found that upon
oxidative stress by MPTP or MPP+, α-Syn induced p-Tau formation through specific
activation and recruitment of p-GSK-3β, activated by autophosphorylation at Tyr216
(Kozikowski et al., 2006; Duka et al., 2009). GSK-3β is a proline-directed serine/threonine
kinase, ubiquitously expressed in mammalian tissues, and epitopes phosphorylated by
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GSK-3β are among the pathological phosphorylation sites of Tau seen in NFTs and paired
helical filaments [PHFs] of Alzheimer’s disease, and GSK-3β is a major kinase implicated
in Tau hyperphosphorylation (Baum et al., 1995).

To examine the clinical relevance of our previous findings, the current studies were
undertaken, and are the first neurochemical examination of the α-Syn/p-Tau/GSK-3β
pathway in human postmortem striata and IFG from PD and PD with dementia [PDD]. The
results show higher neurodegeneration in PDD compared to PD, with tauopathy restricted to
striata of both diseases, along with decreased proteasomal activity in the IFG of PDD. Our
studies show that unlike Alzheimer’s disease where tauopathy is a more global event,
tauopathy in brains of PD and PDD has a restricted expression and is limited to
dopaminergic neurons of the nigrostriatal region, possibly due to increased dopamine-linked
oxidative stress of the latter region.

MATERIALS AND METHODS
Materials

The antibodies used in this study are: anti-DAT, MAB369 and TAU MAB361 both from
Millipore [Temecula, CA]; anti-α-Syn CAT# 610787, Anti-GSK-3β CAT# 612313 and anti-
pGSK-3B – Purified Mouse Anti-GSK-3B (pY216) CAT # 612313, all from BD
Transduction Labs [San Jose, CA]; Anti-parkin ab77924, Abcam Inc. [Cambridge, MA];
Anti-tyrosine hydroxylase sc-25269 and anti-β-actin SC-1616, both from Santa Cruz
Biotechnology, Inc. [Santa Cruz, CA]. The CP-13 and PHF-1 antibodies [recognizing Tau-
Ser202 and Tau-Ser396/404] were gifts from Dr. Peter Davies [New York]. Antibodies
against the 19S S6′ and 20S alpha 5 proteasome subunits were catalog #s AP-111 and
AP-120, respectively, from Boston Biochemicals [Boston, MA].

Postmortem tissue
Postmortem tissue was provided by the Sun Health Research Institute Brain and Body
Donation Program (Sun City, AZ) and included samples from PD cases without dementia
(and neuropathologically confirmed to be absent AD pathology or cortical Lewy Bodies),
PDD cases that had clinically diagnosed dementia (and neuropathologically were confirmed
to have cortical Lewy bodies and confirmed to be absent AD pathology), and well
characterized, neurological and neuropathological normal controls. Clinical evaluation and
neuropathological diagnosis of these cases have been published in greater detail elsewhere
(Joyce et al., 2002; Adler et al., 2002). Since there were no differences between male and
female tissues, all data were pooled together. In all, striata were used from 17 PD cases, 18
PDD cases, and 22 controls, while inferior frontal gyrus [IFG] was obtained from 9 PD
cases, 7 PDD and 9 controls, with average postmortem interval of ~3 hours.

Tissue solubilization
A 100 mg of tissue was weighed and cold tissue homogenization solution (5M guanidine
HCl, 50mM Tris-HCl pH 8.0) was added and thoroughly homogenized with a hand held
electric homogenizer. Cold homogenization buffer was added to equal a total of 8X total
vol. Samples were mixed for 3.5–4 hrs at room temperature using micro-magnets and stir
plate. Samples were diluted (1:200) with cold BSAT-DPBS solution (0.2g/L KCl, 0.2g/L
KH2PO4, 8.0g/L NaCl, 1.15g/L Na2HPO4, 5%BSA, 0.03% Tween–20) and adjusted to pH
7.4. Protease inhibitor cocktail was added to all solutions immediately before use. In some
studies samples were centrifuged at 16,000 × g for 20 min. at 4 °C and supernatant collected
and used immediately in ELISAs. In other studies, the homogenates were centrifuged at
1,500 × g to remove cellular debris and the supernatant was used for further studies in
Western blots.
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When smaller amounts of tissues were analyzed, the tissues were homogenized in buffer
containing 80 mM Pipes (pH 6.8), 1mM MgCl2, 2 mM EGTA. 0.1 mM EDTA, 0.1% Triton
X-100 and 30% glycerol. Lysates were incubated at 37 °C for 10 minutes prior to room
temperature centrifugation at 14,000 × g to separate soluble and insoluble fractions.
Insoluble fractions were re-suspended in 2% SDS, 5 mM EDTA, 5 mM EGTA, 10 %
glycerol, 0.25 M Tris-HCl (pH 6.8) and sonicated with a Branson Sonifier. Protein
concentrations for soluble and insoluble fractions were determined and equal volumes of
each fraction were combined, diluted with Laemelli buffer containing 5% β-
mercaptoethanol, 5% SDS and 1% sodium deoxycholate. Samples were heated at 65 °C for
1 hour and run on 12% SDS-PAGE gels.

Determination of 26S proteasome activity
Frozen striatum and inferior frontal gyrus (IFG) tissue samples were resuspended in 10X
volume ice-cold extraction buffer (10mM Tris-HCl pH 7.4, 1mM ethylene-diamine-tetra-
acetic acid, 4mM dithiothreitol, 20% glycerol) and disrupted by 50 strokes in a dounce
homogenizer on ice. Lysates were cleared by centrifugation (20 min, 16,000 × g, 4°C).
Soluble protein concentration was determined by Bio-Rad Protein Assay (Bio-Rad,
Hercules, CA), and protein concentrations were equalized to 0.75mg/ml by dilution in
extraction buffer. For determination of 26S proteasome activity, 10μl lysate was combined
with 85μl reaction buffer (20mM Tris-HCl pH 7.4, 1mM ATP, 20% glycerol) plus 5μl
0.1mg/ml N-Succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (suc-LLVY-AMC;
Biomol, Plymouth Meeting, PA), and incubated at 37°C for 60 min. Reactions including
50μM clasto-lactacystin ß-lactone (lactacystin) 26S proteasome inhibitor were conducted in
parallel. After incubation, reactions were transferred to opaque 96-well plates, and AMC
fluorescence was measured on a Victor3V, 1420 Multi-label Counter (PerkinElmer,
Waltham, MA) for 1 sec, using an excitation filter of 355 nm and an emission filter of 460
nm. Lactacystin-resistant activity was subtracted from total activity to determine 26S
activity.

Enzyme-linked immunosorbent assays
ELISA’s were conducted using special 96-well plates with high binding capacity (Corning
Costar). All samples were assayed in triplicate along with a known α-Syn standard ranging
from 0–500pg/ml. Plates were coated and incubated overnight at 4°C using coating buffer
(0.025 M sodium bicarbonate, 0.025 M sodium carbonate pH 9.7) prior to blocking plate.
Rest of the methods were completed according to Alpha-Synuclein Immunoassay Kit
(#KHB0061) from Biosource International Inc. Absorbance was taken at 450 nm using a
Wallac 1420 Multilabel Counter within 30 min. of stopping the reaction with 1M HCl. The
bottom of each 96-well plate was thoroughly wiped off with 70% ethanol before reading.

Western Blot Analysis
Western blot analysis was performed as described previously (16), except that samples
contained 5% SDS and 1% sodium deoxycholate, and were heated to 70 °C for 90–120 min
to ensure maximal solubilization of aggregates of α-Syn and p-Tau. Samples were analyzed
by Western blots with 12% SDS-PAGE and all blots were blocked with 5% milk. Primary
antibodies used were: TAU-5 (phosphorylation-independent antibody; 1/1000; Chemicon),
PHF-1 (pSer396/404; 1/000; provided by P. Davies, Albert Einstein College of Medicine,
Bronx, NY), CP13 (pSer202; 1/1000; provided by P. Davies) and pSer262 (1/1000;
Biosource); α-Syn (mouse mAb; 1/1000; BD Transduction Laboratories); DAT (1/1000,
Chemicon); GSK-3β (mouse mAb; 1/1000; BD Transduction Laboratories); pY216-GSK-3β
(mouse mAb; 1/1000; BD Transduction Laboratories); parkin (AbCam, 1/1000); 19S
proteasome (Boston Biochemicals, 1/1000); 20S proteasome (Boston Biochemicals,
1/1000); β-actin (Santa Cruz Biotechnology, 1/1000). Equal protein loading was confirmed
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with anti-β-actin antibody (1/1000; Santa Cruz Biotechnology, sc-1616). Protein bands were
scanned by Scanner EPSON Perfection 4870 Photo and quantitatively analyzed by Scion
Image Program.

Statistics
Results were expressed as mean ± SEM and statistically analyzed by the t test between two
groups and analysis of variance among multiple groups. Statistical significance was
accepted at the p < 0.05 level.

RESULTS
Expression levels of tyrosine hydroxylase and dopamine transporter in human post
mortem brains of PD, PDD, and age-matched controls

Since decreases in tyrosine hydroxylase [TH] and dopamine transporter [DAT] levels
indicate the extent of loss of monoaminergic neurons and loss of dopaminergic nerve
terminals, respectively, we examined expression levels of these proteins in post mortem
striata [Fig. 1A] and inferior frontal gyri [IFG, Fig. 1B] from PD, PDD, and controls using
Western blots. In striata [Fig.1A], TH levels were decreased by ~40% in PD and PDD cases
[p<0.01]. In the IFG [Fig. 1B], TH levels were significantly decreased by ~40% only in the
PDD cases compared to both PD and controls [p<0.01].

Large decreases in DAT levels were observed in striata from PD and PDD [44 and 50%
respectively, p<0.01] compared to age-matched controls [Fig. 1A]; there were no significant
differences between the two disease groups. Compared to the age matched control group,
DAT levels in the IFG of PD were decreased by 20% [p<0.01] and were decreased by 38%
[p<0.01] in PDD [Fig. 1B]. Moreover, the decrease seen in IFG of PDD patients was
significantly different than the decrease noted in PD patients [p<0.01, Fig. 1B].

Taken together, these combined data suggest that there is substantial and equal degeneration
of dopaminergic neurons in striata of patients with PD and PDD of about ~40%, although
there appears to be greater loss of dopaminergic terminals in PDD striata relative to PD
striata. In the IFG, patients with PDD, however, appear to sustain a greater loss of
dopaminergic neurons and nerve terminals [about ~40%], while PD patients have a loss of
half as many dopaminergic neurons and terminals [~20%], as indicated by decreases in both
TH and DAT immunoreactivity.

Measurement of soluble and insoluble α-synuclein levels in striata and IFG of PD, PDD,
and age-matched controls

We measured both soluble and insoluble α-Syn in striata [Fig. 2A] and IFG [2B] by ELISA
and Western blots, respectively, as described in Materials and Methods. Soluble levels of α-
Syn were low in all tissues, ranging from 0.9–0.1.2 absorbance units, with no significant
differences between the three groups. For insoluble α-Syn levels, however, control subjects
had insoluble levels of α-Syn in striata that were 4.3-fold higher than soluble levels [Fig.
2A]. The ratio of insoluble/soluble α-Syn was also the same at 4.4-fold higher than soluble
levels [Fig. 2A]. In PD striata, insoluble levels of α-Syn were12.4-fold higher than soluble
levels and insoluble/soluble levels were also significantly increased [by ~17-fold]. In PDD
striata, insoluble and insoluble/soluble levels of α-Syn levels were even higher [29- and 30-
fold, respectively]. Moreover, these elevated levels of insoluble α-Syn seen in PDD brains
were higher [by 141-76%] than that of PD brains, for insoluble and insoluble/soluble α-Syn,
respectively, and the difference between the two groups was highly significant [p <0.01].
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We next examined soluble and insoluble α-Syn levels in the IFG [Fig. 2B]. Insoluble levels
of α-Syn in control brains were 7-fold higher in the IFG, consistent with higher expression
levels of α-Syn in this brain region (Wersinger et al., 2004), while insoluble/soluble levels of
α-Syn remained the same. In PD IFG, insoluble levels of α-Syn were elevated 20-fold, while
insoluble/soluble levels were elevated 18-fold [Fig. 2B]. In IFG of PDD, insoluble levels of
α-Syn were increased 41-fold, while insoluble/soluble levels were also increased by 37-fold.
The higher levels of insoluble α-Syn seen in PDD IFG compared to the PD IFG were highly
significant [p<0.01].

Hyperphosphorylation of Tau in striata and IFG
Several protocols exist for solubilizing p-Tau for their analyses by Western blots, often
giving varied results. In our hands, we found that when using large pieces of tissues are to be
extracted [>100–300 mg wet weight], the guanidine HCl method gave satisfactory results.
However, for small amounts of tissues [~20 mg], the PIPES/SDS method of extraction was
far superior. Moreover, this protocol had the added advantage that it allowed for detection of
other proteins. We examined p-Tau, hyperphosphorylated at pSer262 [seen as a doublet
protein band with molecular weight of 64 and 66 kDa] in striata and found an increase of
34% [p<0.01] in striata of the PD and PDD groups, compared to the age-matched controls
[Fig. 3A]. pSer262 levels were calculated relative to total Tau levels within the same
samples [Fig. 3A] and there was no difference between PD and PDD. pSer396/404 Tau was
increased by 81% [p<0.01] in PD striata and by 64% [p<0.01] in PDD striata compared to
control subjects with no significant difference between the PD and PDD groups. A
significant increase of 23% in pSer202 was seen in PD striata, while no change was
observed for the PDD group compared to the control group.

We next examined p-Tau levels in IFG [Fig. 3B]. In both PD and PDD IFG, we were unable
to detect any significant changes in p-Tau levels hyperphosphorylated at pSer202, pSer262
or pSer396/404, when compared to age-matched controls. Although there appeared to be an
increase in pSer262 Tau in PD, this was not significant and was due to increases in a few of
a samples, but was not uniformly observed in other tissues, and the increase was not
significant (p>0.05). Thus, no increases in p-Tau were seen for either PD or PDD, despite
repeating conducting these studies multiple times and under diverse methods of tissue
extraction and solubilization. In all instances, we were completely unable to detect any
increases in p-Tau levels in IFG of PD or PDD compared to controls. These combined data
suggests a complete absence of tauopathy in the IFG of PD or PDD despite having observed
tauopathy in striatum of the very same patients.

Measurement of GSK-3β and its activation in striata and IFG
pGSK-3β levels were examined by Western blots using an antibody that recognizes GSK-3β
phosphorylated at Tyr216 [Fig. 4]. In both PD and PDD striata, pGSK-3β/GSK-3β levels
were significantly [p<0.01] increased 4- and 4.6-fold, respectively, compared to the control
group [Fig. 4A]; the difference between PD and PDD was not significant. In the IFG,
however, pGSK-3β/GSK-3β levels were unchanged and similar levels of these proteins were
seen in control, PD and PDD with no significant differences between the three groups [Fig.
4B].

Examination of Parkin and the 26S Proteasome Activity in Striatum and IFG of PD and PDD
Patients

In striatum, expression levels of parkin were unchanged [Fig. 5A] in PD and PDD, as
compared to control. Similarly in the IFG, we failed to observe any significant changes in
parkin levels between any of the three groups [Fig. 5B]. These data suggests an absence of a
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link between the E3 ubiquitin ligase enzyme, parkin, and disease pathology, especially
tauopathy, seen in PD and PDD.

26S proteasome activity was measured in soluble lysates from striata of PD (n =15), PDD (n
= 12), and controls (n = 16), and from IFG tissue of PD (n = 9), PDD (n = 7), and controls (n
= 7). Lactacystin-sensitive digestion of the model substrate suc-LLVY-AMC was used to
measure 26S proteasome activity; in this assay, cleavage of the LLVY peptide leads to an
increase in AMC fluorescence. Greater than 80% of the total 26S proteasome activity in
each sample was solubilized by our extraction procedure (data not shown), so only soluble
26S activity data is presented here. Striatum 26S proteasome activity was reduced by nearly
20% (not significant) in both PD and PDD samples relative to control (Fig. 6A). The
reduction in 26S activity in the IFG was more dramatic, with PD samples showing a 30%
decrease (p<0.05) and PDD samples a greater than 40% decrease (p<0.01) relative to
controls (Fig. 6A). There were no significant differences between the PD and PDD samples
in either striatum or IFG.

We also examined the protein levels of representative subunits of the 19S and 20S
components of the 26S proteasome by Western blot (Fig. 6B and C). There were no
significant differences for the 19S S6′ subunit in striatum between the control and diseased
groups (Fig. 6B). In the IFG, the 19S S6′ subunit was similar in control and PD patients and
was significantly (p<0.05) decreased in PDD patients. The 20S alpha 5 subunit was
decreased in both striatum (p<0.05) and in IFG (p<0.01), with larger decreases observed in
IFG [of ~45%], as compared to control. Thus, reduced proteasomal activity in the IFG is
likely due to reduction in proteasome levels.

DISCUSSION
We show here for the first time an increased state of tauopathy and an increase in associated
proteins that modulate this pathway in Parkinson’s disease, α-Syn and p-GSK-3β, in
postmortem striata of both PD and PDD patients. Our findings demonstrate a large increase
in Tau abnormally hyperphosphorylated at Ser202, Ser262 and Ser396/404 in striatum of PD
patients, with a similar increase seen in Ser262 and Ser396/404 in PDD patients; notably,
Ser202 levels were not increased in striatum of PDD. The high levels of p-Tau
hyperphosphorylated at these sites were also accompanied by elevated levels of insoluble α-
Syn in striatum. Moreover, in PDD, insoluble levels of α-Syn were nearly 2-fold higher than
the levels seen in PD in both striatum and IFG, suggesting that the increased accumulation
and aggregation of this protein may lead to dementia.

Although we have previously demonstrated tauopathy induced by α-Syn, through activation
of p-GSK-3β, our studies were done in toxin [MPTP/MPP+] in vivo and in vitro models of
PD (Duka et al., 2006; Duka and Sidhu 2006; Duka et al., 2009). In those studies, we found
Tau to be hyperphosphorylated at Ser262 and Ser396/404, but not at Ser202. However, in
striata of PD patients, our current studies show that Tau is hyperphosphorylated at Ser202,
indicating that this site may also be involved in the disease pathology of PD.
Hyperphosphorylation of Tau in synaptic-enriched fractions in the frontal cortex of PD
patients has been previously demonstrated (Mutane et al., 2008); however, these studies
found Tau to be hyperphosphorylated only at Ser396/404. This study contrasts with ours,
where we were unable to find hyperphosphorylation of Tau in the IFG of either PD or PDD
patients. Part of this discrepancy may be related to the fact that we examined a specific
region of the frontal cortex, the IFG, whereas in the other study the entire frontal cortex was
used.
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The pathological hyperphosphorylation of Tau at specific sites is well-related to
neurodegenerative changes. In a mouse model of AD, neurons expressing Tau
hyperphosphorylated at Ser202/Thr205 were more prone to undergo degeneration
(Schindowski et al., 2006). Hyperphosphorylation at both Ser262 and Ser396/404 has been
shown to lead to reduced binding of Tau to microtubules (Zhong et al., 1999), resulting in
increased destabilization of the microtubules (Zhong et al., 1999) and ultimately leading to
collapse of the cytoskeleton and neurodegeneration. The neurodegenerative scenarios
presented by Tau hyperphosphorylated at Ser202, Ser262 and Ser396/404 are consistent
with the degenerative changes that accompany dopaminergic neurons innervating the
striatum in PD, which we have shown earlier in a previous study (Duka et al., 2006).

Our studies also show that parkin levels are unchanged and are expressed to similar levels in
striatum of PD and PDD patients compared to controls. In the IFG as well, there were no
changes in levels of parkin in PD or PDD patients compared to the control group. Thus, in
both striata and IFG, parkin, the E3 ubiquitin ligase enzyme, is likely ubiqutinating and
targeting proteins for ultimate degradation by the 26S proteasomes normally, and there does
not appear to be any evidence that it has a role in pathological accumulations of p-Tau and
α-Syn in these diseases. Thus, despite several in vitro studies suggesting that parkin
overexpression can rescue cells from neurodegeneration, our findings of normal parkin
levels in PD and PDD do not support a role for this protein in the sporadic human disease
brain.

Studies have suggested an impairment in the 26S proteasomal pathway in Substantia nigra
of PD (McNaught et al., 2003) which may account for accumulation of both α-Syn and p-
Tau in striatum, and in PD, the 20S proteasome protein is colocalized with α-Syn in Lewy
bodies (Lindersson et al., 2004). When we examined the 26S proteasomal activity in striata
there was a small decrease in proteasomal activity in PD and PDD compared to controls, but
the decrease was not significant. This is consistent with previous studies, which also did not
show any significant changes in proteasomal activity in PD striata compared to controls, but
where lower activity was detected only in the Substantia nigra (McNaught et al., 2003). In
the IFG, however, we found a clear and significant decrease in 26S proteasomal activity in
both PD and PDD compared to controls. This is the first time that decreased proteasomal
activity has been detected in this brain region. It is interesting to note that previously, no
differences were found in the frontal cortex of PD patients compared to controls (McNaught
et al., 2003). However, in that study (McNaught et al., 2003), the superior frontal gyrus was
used, which is anatomically distinct from the inferior frontal gyrus used in our studies.
Interestingly, the decrease in proteasomal activity in the both the striata IFG of PD and PDD
was accompanied by significant decreases in levels of the 20S alpha 5 subunit, and the
decrease was larger in the IFG as compared to the striata. In addition, the 19S S6′ subunit
was as also reduced in the IFG of both PD and PDD, although it was significant for only
PDD; lower, nonsignificant reductions in 19S S6′ levels were also seen in striatum.
Together, the reduced levels of subunits from both the 19S and 20S components of the
proteasomes may account for the overall significantly lower level of proteasomal activity
seen in the IFG of PD and PDD.

This is the first evidence of reduced levels of 19 and 20S subunits of the proteasome in PD
and PDD brains and is likely to account for the abnormal accumulation of α-Syn seen in
these diseases, as well as of p-Tau. Previously, reduction in proteasomal activity has been
implicated in the accumulation and aggregation of hyperphosphorylated Tau in AD brains
(Keck et al., 2003). Moreover, it has been suggested that proteasome dysfunction in AD
brain may result from the inhibitory binding of hyperphosphorylated Tau to the proteasomes
themselves (Keck et al., 2003). In particular, it was found that Tau that was
hyperphosphorylated by GSK-3β was especially potent in inhibiting proteasomal activity in
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vitro (Poppek et al., 2006). However, since there were no increases in p-Tau levels in the
IFG of either PD or PDD groups, it is unlikely that 26S proteasomal activity is inhibited by
p-Tau. Studies have also shown that α-Syn aggregates can also directly bind to the 20S
proteasome, in a non-competitive manner, resulting in inhibition of the 20S activity
(Lindersson et al., 2004). Therefore, in PD and PDD brains, it is more likely that binding of
α-Syn aggregates to the 20S proteasomes occurs in the IFG of both PD and PDD, causing
accumulation of α-Syn resulting in decreased activity of the 26S proteasome in the IFG.
This is particularly important in view of the fact that we were unable to detect any changes
in p-GSK-3β [or p-Tau] in IFG that could account for the increases and accumulation of α-
Syn in IFG.

The most interesting aspect of our studies was the distribution of the tauopathy seen in PD
and PDD brains, where p-Tau changes were observed only in striatum and not in IFG.
Tauopathy correlated very well with increased levels of both α-Syn and p-GSK-3β, and in
this regard, it should be noted that this is also the first report of elevated levels of p-GSK-3β
in PD or PDD brains. Interestingly, a recent report demonstrated strong linkage of two
single nucleotide polymorphisms in the GSK-3β gene to PD (Kwok et al, 2005), implicating
participation of this kinase in the genesis of this disease. Moreover, the lack of tauopathy in
IFG, despite seeing an increase in α-Syn, can clearly be attributed to lack of p-GSK-3β
activation, which further suggests that increases in this enzyme are essential for observing
changes in p-Tau levels. Indeed, in our previous studies using cultured co-transfected SH-
SY5Y neuronal cells, we had shown early accumulations of both α-Syn and p-GSK-3β
activation preceded increases in p-Tau levels by at least 16 h, and such increases were
sustained throughout production of p-Tau (Duka et al, 2009). In addition to increases in both
α-Syn and p-GSK-3β, earlier studies from our laboratory have also shown an absolute
requirement for oxidative stress in the α-Syn-dependent induction of p-Tau formation, and
in the absence of external stressors, we have failed to observe any tauopathy in neuronal
cells (Duka et al, 2006; Duka & Sidhu., 2006; Duka et al, 2009). In striatum, which is
comprised of dopaminergic neurons and terminals, oxidative stress through autoxidation of
dopamine under pathological conditions is likely to be high, which in turn promotes
formation of p-Tau through α-Syn/p-GSK-3β dependent pathways. Thus, although the
pathomechanisms of tauopathy in both PD and AD appear to be similar, our data suggests
that tauopathy in PD may be restricted to dopaminergic neurons and that additional
underlying mechanisms may come into play that are unique to PD.

At the present time, the precise nature of the degenerative change taking place in the IFG in
PD or PDD is unclear, but our data suggests that they are not tauopathic in nature, even
though tauopathy appears to have a role in striatum. PDD is distinguished from PD by the
additional presence of Lewy bodies [LBs] in the frontal gyrus (Mattila et al., 2000), which
are primarily composed of α-Syn inclusions, and aggregation of the latter is thought to be a
key pathogenic event in formation of LBs (Beyer et al., 2009). In addition to aggregation of
α-Syn, thought to the first step in formation of LBs, impairment of protein degradative
pathways, including both the ubiquitin-proteasome system and the autophagy-lysosomal
pathway, are also believed to play an important role during the development of LBs (Beyer
et al., 2009). In IFG of both PD and PDD, the diminished proteasomal activity we observe
as a consequence of decreased 19S and 20S subunits of the proteasome, may lead to
increased accumulation of α-Syn, but which in the absence of oxidative stress and p-
GSK-3β, does not lead to any Tauopathic changes.

Given the restricted expression of tauopathy in PD and PDD, strategies aimed at targeting
GSK-3β to prevent its activation holds promise in the development of novel therapeutic
strategies aimed at treating this disease as well as other synucleopathies.
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PD Parkinson’s disease

PDD Parkinson’s disease with dementia

AD Alzheimer’s disease

α-Syn α-synuclein

LBs Lewy bodies

p-Tau hyperphosphorylated Tau

GSK-3β glycogen synthase kinase 3β

p-GSK-3β GSK-3β phosphorylated at Tyr216

IFG inferior frontal gyrus or gyri

PHFs paired helical filaments

NFT neurofibrillary tangle

TH tyrosine hydroxylase

DAT dopamine transporter
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Figure 1. Western blot analyses of tyrosine hydroxylase [TH] and dopamine transporters [DAT]
in striata [A] and inferior frontal gyri [IFG] [B] from control [Cont], PD and PDD groups
Tissue lysates were prepared as described under Materials and Methods, and analyzed by
Western blots using antibodies against TH and DAT. Blots are from representative
experiments, while the graph is a summary of quantitation of protein levels normalized
against β-actin from striata of 17 PD cases, 18 with PDD and 22 controls and while IFG are
from 9 PD cases, 7 PDD and 9 controls. * denotes p<0.01 for PD and PDD groups compared
to controls, while † denotes p<0.01 for PDD compared to PD.
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Figure 2. ELISA and western blot analyses of α-synuclein [α-Syn] in striata [A] and inferior
frontal gyri [IFG] [B] from control, PD and PDD groups
ELISA was conducted to measure soluble levels of α-Syn, while Western blots were
conducted on insoluble α-Syn, as described in Materials and Methods. Blots are from
representative experiments, while the graph is a summary of quantitation of studies from
striata of 17 PD cases, 18 with PDD and 22 controls and IFG from 9 PD cases, 7 PDD and 9
controls. * denotes p<0.01 for PD and PDD groups compared to controls, while † denotes
p<0.01 for PDD compared to PD.
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Figure 3. Western blot analyses of p-Tau levels in striata [A] and inferior frontal gyri [IFG] [B]
from control, PD and PDD groups
Western blot analyses of p-Tau levels were conducted using antibodies to detect
hyperphosphorylation of Tau at Ser202 [CP-13 antibodies], Ser262 [anti-p-Tau-Ser262
antibodies] and Ser396/404 [PHF-1 antibodies]. Blots are from representative experiments,
while the graph is a summary of quantitation of protein levels normalized against total Tau
in samples, from striata of 17 PD cases, 18 with PDD and 22 controls and IFG from 9 PD
cases, 7 PDD and 9 controls. * denotes p<0.01 for PD and PDD groups compared to
controls.
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Figure 4. Western blot analyses of p-GSK-3β levels in striata [A] and inferior frontal gyri [IFG]
[B] from control, PD and PDD groups
Western blot analyses of p-Tau levels were conducted using antibodies to detect
phosphorylation of GSK-3β at Y216. Blots are from representative experiments, while the
graph is a summary of quantitation of protein levels normalized against total GSK-3β
[nonphosphorylated form] in samples, from striata of 17 PD cases, 18 with PDD and 22
controls and IFG from 9 PD cases, 7 PDD and 9 controls. * denotes p<0.01 for PD and PDD
groups compared to controls, while † denotes p<0.01 for PDD compared to PD.
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Figure 5. Western blot analyses of parkin levels in striata [A] and inferior frontal gyri [IFG] [B]
from control, PD and PDD groups
Western blot analyses of parkin levels were conducted using antibodies to detect parkin.
Blots are from representative experiments, while the graph is a summary of quantitation of
protein levels normalized against β-actin in samples, from striata of 17 PD cases, 18 with
PDD and 22 controls and IFG from 9 PD cases, 7 PDD and 9 controls.
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Figure 6. 26S Proteasome Activity in Striatum and IFG
26S proteasome activity was determined as described in Materials and Methods from
striatum and IFG of PD and PDD patients, and compared with age-matched controls.
Activity is reported as AMC fluorescence in arbitrary units. Statistically significant
decreases in activity relative to control are indicated by an (*).
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Figure 7. Western blot analyses of 19S and 20S levels in striata [A] and inferior frontal gyri
[IFG] [B] from control, PD and PDD groups
Western blot analyses of 19S and 20S proteasomal subunits were conducted using
antibodies to detect these proteins. Blots are from representative experiments, while the
graph is a summary of quantitation of protein levels normalized against β-actin in samples,
from striata of 17 PD cases, 18 with PDD and 22 controls and IFG from 9 PD cases, 7 PDD
and 9 controls.
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