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Summary. Impairment in the capacity of the ubiquitin-proteasome pathway to
clear unwanted proteins has been implicated in the cell death that occurs in
Parkinson’s disease (PD). In support of this concept, defects in proteasomal
structure and function, as well as protein aggregates and increased levels of
oxidized proteins are found in the substantia nigra of PD patients. We have
previously demonstrated that inhibition of proteasome activity in mesence-
phalic cultures induces degeneration of dopaminergic neurons coupled with the
formation of proteinaceous intracellular inclusions. In this study we examined
the effect of proteasome inhibition on cultured dopamine neurons when com-
bined with oxidative stress and protein misfolding, in order to better simulate
the condition in PD. We demonstrate that two structurally unrelated inhibitors
of proteasome activity, lactacystin and carbobenzoxy-L-leucul-L-leucyl-L-leu-
cinal (MG132), cause dose-dependent cell loss that preferentially affects dopa-
minergic neurons. Conditions that promote protein damage and misfolding such
as oxidative stress, heat shock, and canavanine also induce neuronal degenera-
tion with preferential loss of dopamine neurons and cell death is markedly
increased when any of these is combined with a proteasome inhibitor. These
studies demonstrate a synergistic effect between conditions that promote the
formation of damaged proteins and those in which proteasomal function is
impaired, and provide further support for the notion that cell loss in PD could
be related to a defect in protein handling.

Keywords: Parkinson’s disease, proteasome inhibitor, oxidative stress, heat
shock, canavanine.

Introduction

Parkinson’s disease (PD) is characterized by a relatively selective degeneration
of dopaminergic neurons of the substantia nigra pars compacta (SNc) and
intracellular proteinaceous inclusions referred to as Lewy bodies. Several



different genetic factors are known to account for a small number of familial
cases, but the overwhelming majority of PD patients lack a positive family
history and have a sporadic form of the disease. In these cases, there is evidence
supporting a role for oxidative stress, excitotoxicity, mitochondrial dysfunction
and inflammation in the cascade of events leading to cell death (Jenner et al.,
1992; Schapira et al., 1992; Beal, 1998; Hirsch et al., 1998), but how they
interact and to what extent any one factor is relevant to neurodegeneration in
an individual patient is not known. It is thus becoming clear that there are many
different causes of PD. We have recently proposed that defects in the capacity
of the ubiquitin-proteasome system (UPS) to clear unwanted and misfolded
proteins is a common theme underlying both the familial and sporadic forms
of PD (McNaught and Jenner, 2001; McNaught et al., 2001, 2002b).

The UPS is primarily responsible for the degradation and clearance of
damaged, mutant, or misfolded proteins in eukaryotic cells (Sherman and
Goldberg, 2001). Accumulation of excessive levels of abnormal proteins may in-
terfere with normal cellular function and promote apoptotic cell death (Sherman
and Goldberg, 2001). Since neurons do not normally turn over, it is of crucial
importance that adequate UPS function be maintained to facilitate neuronal via-
bility. Several studies have suggested that failure of the UPS to clear unwanted
proteins may be an important factor in PD. Mutations in the a-synuclein gene
which cause the protein to misfold and resist proteasomal degradation have been
detected in rare autosomal dominant forms of PD (Polymeropoulos et al., 1997).
Various mutations in the gene encoding parkin have been detected in patients with
an autosomal recessive juvenile PD. It is now appreciated that parkin is a ubiquitin
ligase, and there is evidence indicating that target proteins are increased in a non-
ubiquitinated form in the brains of these patients (Shimura et al., 2001; Imai et al.,
2001; Zhang et al., 2000; Mizuno et al., 2001). In addition, a mutation in the gene
encoding ubiquitin C-terminal hydrolase L1 (UCH-L1) has been detected in rare
cases of familial PD (Leroy et al., 1998). A defect in this gene could impair
de-ubiquitinating activity, and reduce the availability of ubiquitin monomers
necessary for the clearance of additional unwanted proteins. Defects in protein
handling have also been implicated in sporadic PD. Lewy bodies found in degen-
erating neurons in PD accumulate a variety of proteins, and levels of oxidized
proteins are markedly increased (Jenner and Olanow, 1996; Good et al., 1998;
Forno et al., 1986; Farrer et al., 2001). In addition, we and others have shown that
there are defects in the structure and function of proteasomes in dopamine neu-
rons of the SNc in PD (McNaught et al., 2002b; Tofaris et al., 2003). These
observations suggest that mishandling of misfolded or damaged proteins by pro-
teasomes may contribute to the degeneration of dopaminergic neurons in the
different forms of PD (McNaught et al., 2001). In support of this hypothesis,
we and others have shown that proteasome inhibition leads to preferential degen-
eration of cultured dopamine neurons coupled with the formation of ubiquitin=a-
synuclein immunoreactive inclusion bodies (Rideout et al., 2001; McNaught et al.,
2002a).

The SNc may be particularly vulnerable to suffer neurodegeneration in PD
because of its highly oxidative environment and the possibility that oxidative
damage may cause proteins to undergo denaturation and chemical modification.
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In addition, proteasome activity can be inhibited by oxidative stress (Reinheckel
et al., 1998) thereby generating a vicious cycle leading to continued accumulation
of abnormal proteins (Ding and Keller, 2001). In the present study, we investi-
gated the effect of proteasome inhibition on dopamine neuronal survival when
combined with oxidative stress or factors such as heat shock and canavanine that
are known to promote protein misfolding (Kuckelkorn et al., 2000; Tsirigotis
et al., 2001) to more closely model the conditions that are operative in PD.

Methods

Materials

Pregnant Sprague-Dewless rats were obtained from Taconic Farms (Germantown, N.Y.). MEM
was purchased from GIBCO-Life Technologies (Grand Island, N.Y.), horse serum from Gemini
(Calabasas, CA) and NU+ serum from Collaborative Biomedical Products (Bedford, MA). Mono-
clonal antibodies to tyrosine hydroxylase (TH) were purchased from Boehringer Mannheim
(Indianapolis, IN). Lactacystin and MG-132 were purchased from Calbiochem (La Jolla, CA).
All other chemicals were purchased from Sigma (St. Louis, MO).

Cell cultures

The protocols for handling animals and preparing cell cultures followed the NIH guidelines and
were approved by the institutional review committee. Mesencephalic cultures were prepared from
embryonic rats on the 14th day of gestation as described previously (Mytilineou et al., 1999). In
brief, the mesencephalon was dissected free of meninges and collected in Ca2þ- and Mg2þ-free
phosphate buffered saline (PBS). The tissue was mechanically dissociated into a single cell
suspension and plated in 24 plates pre-coated with L-polyornithine (0.1 mg=ml) at a density of
200,000 cells=cm2. The medium consisted of MEM supplemented with 2 mM glutamine, 33 mM
glucose, 10% horse serum and 10% NU+ serum. After 48 h the medium was changed to MEM
containing only 5% horse serum.

Immunocytochemistry

Cells were plated on polyornithine coated glass cover slips in 24 well plates. They were fixed with
4% paraformaldehyde in PBS for 30 min at room temperature and permeabilized and blocked
with 0.3% Triton X-100 and 3% bovine serum albumin (BSA) for 30 min. Cultures were exposed
to the TH antibodies (1:1000 dilution) overnight at 4�C. They were then processed with the
peroxidase-coupled avidin-biotin kit with 3,3-diaminobenzidine as a chromogen. The number of
dopaminergic neurons in cultures was determined by counting the cells positively immuno-
stained for TH. Forty fields (1�1 mm) in two transverse strips across the diameter of the dish
were counted using an inverted microscope (Nikon, Melville, NY, U.S.A.) at 20� magnification.
This represented 10% of total area of the coverslip.

[3H]-Dopamine and [14C]-GABA uptake

Measurement of dopamine and �-aminobutyric acid (GABA) uptake was performed as described
previously (Mytilineou et al., 1998). Cultures were rinsed with Kreb’s phosphate buffer (pH 7.4)
and incubated for 30 min at 37�C with the same buffer containing 0.2 mg=ml ascorbic acid,
10mM GABA, 0.5mCi=ml [3H]-dopamine (32.6 Ci=mmol; NEN, Boston MA) and 0.05mCi=ml
[14C]-GABA (240 mCi=mmol; NEN, Boston MA). After rinsing, the radioactivity was extracted
with 1 ml 95% ethanol, which was added to vials containing scintillation cocktail and the radio-
activity measured in a scintillation spectrometer (Packard Tri-Carb 2100). Cultures treated with
the neuronal dopamine uptake blocker mazindol (10mM) and the neuronal GABA uptake blocker
diaminobutyric acid (DABA; 1 mM) were used as blanks.

Inhibition of proteasome activity sensitizes dopamine neurons 1239



Cell viability assays

MTT assay. Cell viability was determined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide) reduction assay, as described previously (Han et al., 1996). In brief, 50ml
of a 5 mg=ml solution of MTT was added to each cell culture well containing 0.5 ml medium.
After 1 hour incubation at 37�C, the medium was carefully removed and the formazan crystals
were dissolved in 1 ml isopropyl alcohol by gentle shaking of the plate. Absorbance was deter-
mined at 570 nm in a microplate reader (Spectramax 250, Molecular Devices Corporation,
Sunnyvale CA).

Lactate dehydrogenase (LDH) assay. A modification of the method described by Bergmeyer
et al. (1963) was used to determine LDH activity in the culture medium and the cells. Medium
was collected, centrifuged to remove debris and frozen at �80�C until assay. Cells were freeze
thawed (�3) in 1.0 ml feeding medium, the medium was collected, centrifuged and the super-
natant frozen at �80�C. 50ml of supernatant and 100ml of NADH (1.2 mg=ml H2O stock) were
added to 850ml of buffer and the samples were vortex-mixed. 50ml of feeding medium was used
for blanks. Triplicate aliquots (250ml) were placed into 96-well plates at room temperature and
reaction was initiated by addition of 25ml of sodium pyruvate (0.36 mg=ml H2O stock). The rate
of disappearance of NADH was measured at 340 nm using a microplate reader.

Treatment protocol

Treatment of the cultures began on the 6th day in vitro with a complete change of the feeding
medium and the addition of study interventions as indicated. Two cell permeable inhibitors
proteasome inhibitors were tested: the reversible proteasome inhibitor carbobenzoxy-L-leucyl-
L-leucyl-L-leucinal (MG-132), and lactacystin, a more selective and irreversible inhibitor of
proteasome (Goldberg, 1997 #802; Meriin, 1998 #803). For heat shock, cultures were placed
in a 42�C incubator for 1 hr. Protein damage was also induced by incubation with canavanine
(2.5–10mM), an aminoacid analog the causes protein misfolding (Tsirigotis et al., 2001). For
oxidative stress hydrogen peroxide (H2O2; 10–40mM), L-dopa (20–200mM) or L-buthionine
sulfoximine (BSO; 50mM) were added to the medium for 24 or 48 hours.

Statistical analysis

Values are expressed as means � SEM. Significance of differences between two groups was
determined by two-tailed Student’s t test. For multiple comparisons, one-way ANOVA followed
by Tukey-Kramer’s test was used.

Results

Selective vulnerability of dopamine
neurons to proteasome inhibition

The reversible proteasome inhibitor MG-132 caused significant damage to
mesencephalic cultures after a 48 h exposure (Fig. 1). Measurement of total
cell viability with the MTT assay showed that treatment with 0.5 and 1mM
MG-132 caused a reduction in cell survival to 57% and 32% of control values
(P<0.001; Fig. 1A). The toxicity of MG-132 towards dopamine neurons was
even greater, with a decrease in the number of TH-positive cells of 15% and 4%
of control values after 0.5 and 1mM MG-132, respectively (Fig. 1A). The most
pronounced effect of MG-132 was directed toward the dopamine transporter
where significant reductions in the neuronal uptake of [3H]-dopamine were
observed at all MG-132 concentrations and there was no measurable uptake
after 1mM MG-132 (Fig. 1B). The neuronal uptake of [14C]-GABA was also
reduced by MG-132 treatment, but to a much lesser extent than [3H]-dopamine
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uptake. These data are in agreement with our previous study where lactacystin,
a non-reversible proteasome inhibitor also showed that dopamine neurons are
preferentially sensitive to proteasome inhibition (McNaught et al., 2002a). The
decrease in [3H]-dopamine uptake was not due to a direct inhibitory effect of
MG-132 or lactacystin on the dopamine transporter, because addition of 0.5 and
1 mM MG-132 or 5 and 10 mM lactacystin together with [3H]-dopamine during
the uptake assay had no effect (results not shown).

Proteasome inhibition increases neuronal
vulnerability to abnormal proteins

To determine the ability of proteasome-impaired cells to handle damaged pro-
teins, we pre-treated mesencephalic cultures with the irreversible proteasome
inhibitor lactacystin for 1 hour, and then incubated the cells at 42�C for 1 hour
to induce heat shock. Thereafter the temperature was returned to 37�C (normal
maintenance) for 24 or 48 hours. Cell damage was determined by measuring
the amount of LDH released into the medium during the incubation period.
Heat shock alone did not cause measurable damage to control cultures while

Fig. 1. Proteasome inhibition with MG-132 causes selective damage to dopamine neurons.
Mesencephalic cultures were treated with the proteasome inhibitor MG132 (0.1–1 mM) and
were analyzed 48 h later for overall cell viability with MTT assay (A) dopamine neuron survival
with TH staining (A) and [3H]dopamine and [14C]GABA uptake (B). Bars are means � SEM
expressed as per cent of untreated controls (N¼ 4–6 cultures per group). ***p<0.001 com-

pared to corresponding controls. One-way ANOVA followed by Tukey test
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lactacystin induced cell death in a time- and concentration-dependent manner
(Fig. 2). When lactacystin was combined with heat shock, cytotoxicity was
significantly increased. At a lactacystin concentration of 10 mM administered
for 48 hours, heat shock increased LDH release from 24% to 47% of total
(P<0.001).

Lactacystin markedly inhibited [3H]-dopamine uptake in both a concentra-
tion and time dependent manner, with 10 mM inducing a reduction of 60% and

Fig. 2. Heat shock increases the damage caused by proteasome inhibition. Mesencephalic
cultures were treated with lactacystin for 1 hour and then exposed to heat shock for an addi-
tional 1 hour. Loss of cell viability was determined by measuring LDH released in the medium
24 or 48 hours later. Bars are means � SEM (N¼ 5–6 cultures per group) of LDH released in
the medium expressed as percent of the total LDH contained in medium plus cells. LDH in the
medium of control cultures was 8.1 � 0.3 and 8.2 � 0.4 percent of total after 24 and 48 hours
respectively. There was no effect of heat shock in control cultures with LDH levels of 7.6 � 0.3
and 7.0 � 0.2 percent of total after 24 and 48 hours, respectively. Lactacystin induced a time
and concentration dependent increase in cell death; at concentrations of 5 and 10 mM cell death
induced by lactacystin was significantly increased when combined with heat shock. *p<0.5;
***p<0.001 compared with respective controls; ###p<0.001 compared to corresponding

groups not exposed to heat shock. One-way ANOVA followed by Tukey test
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90% at 24 and 48 hours respectively (Fig. 3). Heat shock by itself had no effect
on [3H]-dopamine uptake but increased the damage caused by lactacystin reduc-
ing uptake values to 17% and 1% of control with 5 and 10 mM respectively
(Fig. 3). Lactacystin had a lesser effect on [14C]-GABA uptake, reducing it by
approximately 20%. Heat shock caused a further reduction in [14C]-GABA
uptake, but only at the higher lactacystin concentration (Fig. 3).

We examined the effect of proteasome inhibition on the toxicity of canava-
nine, an arginine analog which is incorporated into proteins and generates

Fig. 3. Heat shock and proteasome inhibition act synergistically to induce degeneration of
dopamine neurons. Mesencephalic cultures were treated with lactacystin and heat shock as
in Fig. 2 and analyzed for [3H]dopamine and [14C]GABA uptake after 24 and 48 hours. Bars are
means � SEM expressed as per cent of untreated controls. *p<0.05; ***p<0.001 compared to
untreated control; #p<0.05; ###p<0.001 compared to the corresponding group not treated with

heat shock. One-way ANOVA followed by Tukey test
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misfolding (Tsirigotis et al., 2001). Canavanine alone caused a loss of cell
viability, which was concentration dependent and increased with prolonged
exposure (Fig. 4A and B). Lactacystin alone in a concentration of 5 mM also
caused modest cell damage. The combination of canavanine and proteasome
inhibition, however, had a synergistic effect particularly after 72 h treatment
(Fig. 4B). Similarly, canavanine and lactacystin inhibited [3H]-dopamine up-
take, and the combination of canavanine and lactacystin increased the toxicity
in a synergistic manner (Fig. 4C and D). Canavanine inhibited [3H] dopamine
uptake to a greater degree than [14C] GABA uptake, and the addition of lacta-
cystin increased the differential toxicity (data not shown).

Fig. 4. Proteasome inhibition increases the damage caused by canavanine-induced protein
misfolding. Mesencephalic cultures were treated with increasing concentrations of cana-
vanine, in the presence or absence of 5 mM lactacystin, and the cultures were assayed 24 and
72 h later for cell survival with MTT (A, B) and for [3H]dopamine uptake (C, D). Bars are
means � SEM presented as % of untreated controls. *p<0.05; **p<0.01; ***p<0.001
compared to untreated controls. ###p<0.001 compared to lactacystin alone. ���p<0.001 com-
pared to the corresponding group not treated with lactacystin. One-way ANOVA followed by

Tukey test
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Proteasome inhibition sensitizes mesencephalic
cells to oxidative stress

We examined the effect of proteasome inhibition on the survival of mesen-
cephalic cultures exposed to oxidative stress. Incubation with L-dopa and H2O2,
as well as treatment with the glutathione (GSH) synthesis inhibitor buthionine
sulfoxamine (BSO) were used to induce oxidative stress (Mytilineou et al.,
1993, 1999). Inhibition of proteasome activity with lactacystin resulted in sig-
nificantly more damage to mesencephalic cultures treated with L-dopa than
when it was applied by itself (Fig. 5A). Similarly, treatment with lactacystin
increased H2O2-induced toxicity. Exposure of mesencephalic cultures to 40 mM
H2O2 for 24 hours caused a 12% loss of cell viability as determined by the MTT
assay, while lactacystin 5mM alone caused a 21% cell loss. Combining H2O2

with lactacystin resulted in a significantly increased cell loss of 52% (p<0.001,
N¼ 3). Similarly, exposure of mesencephalic cultures to 50 mM BSO, a con-
centration which causes profound depletion in the levels of GSH but does not

Fig. 5. Oxidative stress increases damage caused by proteasome inhibition. Mesencephalic
cultures were treated with L-Dopa (A), and BSO (B) in the presence or absence of lactacystin.
Cell viability was determined 48 hours later by measuring the percent of total LDH released in
the medium. Bars are means � SEM expressed as percent of untreated controls. (N¼ 4 cultures
per group for L-Dopa and 8 cultures for BSO experiments). ***p<0.001 compared to un-
treated controls; #p<0.05 ###p<0.001 compared to lactacystin alone (A) or to the correspond-

ing group not treated with lacacystin (B). One-way ANOVA followed by Tukey test
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induce degeneration in low cell density cultures (Mytilineou et al., 1999), sen-
sitized the cells to degeneration induced by lactacystin (Fig. 5B).

To determine whether survival following proteasome inhibition could be
improved by diminishing oxidative stress, we tested several compounds for
potential protective activity (Table 1). These included the antioxidant ascorbic
acid, the free radical trapping agent sodium salicylate, the inhibitor of phospho-
lipase A2 (PLA2) activity methyl arachidonyl fluorophosphonate (MAFP), the
cyclooxygenase (COX) inhibitors indomethacin and acetylsalicylic acid (aspirin)
and the lipoxygenase (LOX) inhibitor biacalein. None of these compounds pro-
vided significant protection against MG-132 or lactacystin treatment.

Discussion

Proteasomes are the primary system responsible for the degradation and clear-
ance of intracytoplasmic misfolded unwanted proteins in eukaryocytic cells
(Sherman and Goldberg, 2001). Proteasome inhibition has been shown to cause
degeneration of cultured PC12 cells and mesencephalic dopamine neurons
coupled with the formation of ubiquitin=a-synuclein immunoreactive intracel-
lular inclusions reminiscent of the Lewy bodies that characterize PD (Rideout
et al., 2001; McNaught et al., 2002a). In the latter study, degeneration prefer-
entially affected dopaminergic neurons. These observations support the notion
that improper clearance of cellular proteins can result in protein accumulation,
inclusions, and neurodegeneration and may therefore be relevant to PD.

Table 1. Antioxidants, free radical trapping agents and inhibitors of release and metabolism of
arachidonic acid do not protect cells from damage caused by proteasome inhibition

Compounds tested Percentage change in cell viability compared to
proteasome inhibition alone

MG-132 ( mM) Lactacystin ( mM)

0.5 1.0 5 10

Ascorbic acid (200 mM) þ5.7 þ2.8 – –
Sodium salicylate (2 mM) þ0.8 �0.2 �4.9 �7.3
MAFP (10 mM) �4.3 þ0.8 �3.2 �12.1
Indomethacin (50 mM) �2.1 þ0.5 �11.4 �11.8
Acetylsalicylic acid (2 mM) �2.4 �1.9 �0.5 þ6.3
Biacalein (5 mM) þ1.6 þ4.4 þ1.1 �3.5

Mesencephalic cultures were treated with MG-132 or lactacystin at the concentrations
indicated for 48 h. various compounds tested were added together with the proteasome inhibitors.
The numbers represent the effect of the compounds expressed as % change in the loss of cell
viability caused by the proteasome inhibitors alone. Cell viability tested with the MTT assay
varied in different experiments from 12.7 to 34.7% of control for 0.5 mM MG-132, from 9.4 to
19.1% of control for 1 mM MG-132, from 79.9 to 81.2% of control for 5 mM lactacystin and from
39.6 to 48.4 for 10 mM lactacystin. No significant change in cell viability resulted from treatment
with any of the compounds (ANOVA). The highest concentrations of the compounds that caused
no damage to the cells are shown in the Table. Lower concentrations had similar effects
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In the present study, we confirm that proteasome inhibition, with either the
reversible inhibitor MG132 or the irreversible inhibitor lactacystin, induces
degeneration of cultured mesencephalic neurons with a preferential loss of
dopaminergic cells. Here, the decrease in dopamine uptake was greater than
the decrease in the number of TH positive neurons, suggesting that proteasome
inhibition primarily affects the terminals of dopamine neurons. We further show
that when proteasome inhibition is combined with conditions that promote
protein misfolding, such as heat shock or canavanine exposure, there is more
severe cell damage, again with preferential toxicity to dopaminergic neurons.
Compromised proteasome activity also increased cell damage associated with
oxidative stress caused by L-DOPA, H2O2 or BSO. These findings suggest that
a combination of abnormal proteins, oxidative stress, and impairment of pro-
teasomal activity, all of which occur in the SNc in PD (Jenner and Olanow,
1996; McNaught et al., 2002b), act synergistically to promote degeneration of
dopamine neurons and could collectively play a role in the neurodegenerative
process that occurs in PD.

There has been increasing interest in the possibility that impaired clear-
ance of abnormal or unwanted proteins by the UPS may be common to the dif-
ferent forms of PD (McNaught et al., 2001). Mutations in genes that encode
for components of the UPS, namely parkin (a ubiquitin ligase) and UCH-L1
(a de-ubiquitinating enzyme) have been identified in small numbers of patients
with familial PD (Mizuno et al., 2001). Mutations in a-synuclein are associated
with an autosomal dominant familial form of PD (Polymeropoulos, 1998) and
appear to cause the protein to form fibrils and resist proteasomal degradation
(Shtilerman et al., 2002). More recent studies similarly demonstrate that famil-
ial PD can also be associated with gene defects that promote protein misfolding
or increased levels of brain proteins (Hague et al., 2001; Singleton et al., 2003).
Most cases of PD are not familial, and occur sporadically. Here too, there is
evidence that the UPS does not function normally. PD is associated with protein
aggregates and increased levels of oxidized proteins in the SNc. Further, there is
evidence that proteasomal structure and enzymatic functions in the SNc are
abnormal in PD (McNaught and Jenner, 2001; McNaught et al., 2002b).

In the present study we confirm that proteasome inhibitors induce degenera-
tion of mesencephalic cells and that dopamine neurons are preferentially affected.
Further, we demonstrate that neurodegeneration induced by proteasome inhibi-
tion is significantly enhanced by factors that promote protein misfolding such as
heat shock and canavanine and by oxidative stress induced by H2O2, glutathione
depletion and levodopa. Each of these conditions is likely to induce damage to
proteins and increase demands placed on the proteasomal system, thereby poten-
tially accounting for increased neuronal degeneration in the presence of prote-
asomal dysfunction. Each of these factors is also relevant to PD. The SNc is
known to contain increased levels of oxidatively damaged proteins and to be
in a state of oxidative stress (Jenner and Olanow, 1998). Specifically, GSH levels
are decreased in the SNc in PD (Perry et al., 1982; Riederer et al., 1989) as well
as in asymptomatic individuals with incidental Lewy bodies who are thought to
have a pre-clinical form of the disease (Sian et al., 1994). L-dopa is commonly
used in the treatment of PD, and has the potential to generate peroxide and other
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oxidizing species by virtue of its enzymatic metabolism or auto-oxidation
(Graham, 1978; Cohen, 1983). In high concentrations, L-dopa is toxic to dopa-
mine neurons in tissue culture (Mytilineou et al., 1993; Mena et al., 1997;
Melamed et al., 1998), but has not been shown to induce neuronal degeneration
in in vivo models (Hefti et al., 1981; Perry et al., 1984; Zeng et al., 2001). Here
we show that both GSH depletion and L-dopa can augment neurodegeneration
associated with proteasome inhibition. The mechanism whereby this occurs is
not yet known, but we assume that it relates to the capacity of oxidative stress to
damage proteins and thus increase demands on the already inhibited proteaso-
mal system. In support of this concept, heat shock and canavanine which are
known to alter protein conformation and promote misfolding synergistically
increase the cell death induced by proteasome inhibitors.

The basis for the selective vulnerability of dopamine neurons in PD and in
our model system is not yet clear. However, it can be postulated that the highly
oxidative environment of dopamine neurons may lead to the formation of rela-
tively large numbers of misfolded proteins and present the UPS with the need to
clear a large number of damaged proteins even under normal circumstances.
This region might therefore be particularly susceptible to further oxidative
stress which increases the load on the UPS and makes it particularly sensitive
to proteasomal damage. Oxidative stress, as found in the nigra in PD, might
also directly affect proteasomes and compromise their ability to clear damaged
proteins (Bulteau et al., 2001; Keller et al., 2000; Elkon et al., 2001). Interest-
ingly, although oxidative stress and proteasome inhibition synergistically
decrease cell survival in mesencephalic cultures, administration of the anti-
oxidant ascorbic acid or the free radical trapping agent sodium salycilate failed
to prevent cell loss induced by MG-132 or lactacystin alone. Impairment of
proteasome function has been reported to cause release and metabolism of
arachidonic acid (Levine, 2000a, b) and our earlier studies show that inhibition
of arachidonic acid metabolism prevents damage from oxidative stress caused
by GSH depletion (Mytilineou et al., 1999). However, no protection against the
loss of viability resulting from lactacystin or MG-132 treatment was provided
by inhibition of PLA2 activity with MAFP, inhibition of COX activity with
aspirin and indomethacin, or with the specific LOX inhibitor biacalein. These
findings suggest that protein accumulation directly inhibits critical cell func-
tions or activates cell death pathways.

In summary, genetic studies in PD patients have implicated mishandling of
unwanted proteins in the etiopathogenesis of this condition. The findings of
defects in proteasomal function in the SNc of PD patients coupled with oxida-
tive stress and high levels of oxidized proteins suggest that defects in the UPS
are relevant to the sporadic form of the disorder as well. Our present studies
demonstrate that proteasomal inhibition induces degeneration of cultured
mesencephalic dopamine neurons and that this effect is significantly enhanced
by protein misfolding and oxidative stress as also occur in PD. Further inves-
tigation into the biology of dopamine neurons should help to unravel the
mechanism whereby dopamine neurons are selectively affected by proteasome
inhibitors. This may also shed light on the etiopathogenesis of late onset idio-
pathic Parkinson’s disease.
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