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Background: Proteasomal and mitochondrial dysfunction are implicated in neurodegeneration.
Results:Uponmitochondrial dysfunction in neurons, calpain-mediated cleavage of Rpn10 negatively regulates 26S proteasome
stability.
Conclusion: ATP deficiency and calpain-activation impair the ubiquitin/proteasome pathway with a concomitant increase in
20S proteasomes.
Significance:This proteolytic switch could promote degradation of randomly unfolded oxidized proteins in an unregulated and
energy-independent manner by 20S proteasomes.

Proteasomal and mitochondrial dysfunctions are implicated
in chronic neurodegenerative diseases. To investigate the
impact of mitochondrial impairment on the proteasome, we
treated rat cerebral cortical neurons with oligomycin, antimy-
cin, or rotenone,which inhibit different elements of the electron
transport chain. Firstly, we observed a reduction in ubiquiti-
natedproteins andE1 activity. Secondly,we established that 26S
proteasomes are disassembledwith adecline in activity. Thirdly,
we show, to our knowledge for the first time, that calpain acti-
vation triggers the selective processing of the 26S proteasome
subunit Rpn10. Other proteasome subunits tested were not
affected. Calpain also cleaved caspase 3 to an inactive fragment,
thus preventing apoptosis that is an energy-dependent cell
death pathway. In addition, calpain cleaved the microtubule-
associated protein Tau, a major component of neurofibrillary
tangles in Alzheimer disease and other tauopathies. Fourthly,
we detected a rise in 20S proteasome levels and activity. Finally,
we show that both acute (16 h) and long term (up to 7 days)
mitochondrial impairment led to down-regulation of ubiquiti-
nated-proteins, 26S proteasome disassembly, and a rise in 20S
proteasomes. We postulate that upon mitochondrial dysfunc-
tion, ATP depletion and calpain activation contribute to the
demise of protein turnover by the ubiquitin/proteasome path-
way. The concomitant rise in 20S proteasomes, which seem to
degrade proteins in an unregulated and energy-independent
manner, in the short term may carry out the turnover of ran-
domly unfolded oxidized proteins. However, if chronic, it could
lead to neurodegeneration as regulated protein degradation by

the ubiquitin/proteasome pathway is essential for neuronal
survival.

Proteasome function is essential for neuronal homeostasis
and survival. Neurons are also critically dependent on mito-
chondria for energy production necessary for maintaining
homeostasis, neurotransmission, and plasticity. There is a
mutual dependence between mitochondrial and proteasomal
function (1). Mitochondria provide ATP required for 26S pro-
teasomal degradation of ubiquitinated proteins, some of which
are mitochondrial proteins. Emerging evidence implicates pro-
teasomal andmitochondrial dysfunction in aging and neurode-
generative disorders such as Alzheimer disease (AD)3 (2, 3). In
neurons, this is particularly important because, on the one
hand, neurons have a limited glycolytic capacity (4) and thus are
particularly sensitive to the aging-associated decline in mito-
chondrial bioenergetics (5). On the other hand, intraneuronal
accumulation of ubiquitinated proteins, indicative of protea-
some malfunction, is a hallmark of most chronic neurodegen-
erative diseases including AD (6). Notably, the impact of mito-
chondrial impairment on proteasome function remains poorly
defined.
One of the principal mechanisms by which mitochondrial

dysfunction contributes to aging and neurodegeneration is via
the limitation inATPproduction that can cause an energy crisis
in neurons (7). Brain glucose hypometabolism is detected early
in AD patients and is implicated in the initiation and progres-
sion of AD pathology (8). ATP loss in AD brains was estimated
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to reach as much as 50% in stable advanced dementia (9). This
energy deficit may have a drastic impact on brain function.
Degradation of proteins by the 26S proteasome is highly
dependent on ATP binding and hydrolysis (10).
Another deleterious mechanism associated with mitochon-

drial dysfunction is a net increase in the production of reactive
oxygen species (11). Oxidative stress induced by reactive oxy-
gen species (ROS) alters the structure of cellular proteins (12),
which, if not repaired, must be removed by proteolysis to pre-
vent their accumulation and aggregation. One of the major
roles of the proteasome is to degrade oxidatively modified pro-
teins, but whether ubiquitination is required remains elusive
(13). Some studies support the notion that oxidativelymodified
proteins in cells are removed by the 20S proteasome indepen-
dently of ubiquitination (14). Others demonstrate that upon
oxidative stress, there is an increase in the levels of ubiquiti-
nated proteins and in ubiquitin-activating and ubiquitin-con-
jugating enzyme activities, suggesting that the ubiquitination
machinery is recruited to degrade oxidativelymodified proteins
(15). This is an important issue because there is ample evidence
that neural tissue is especially vulnerable to oxidative stress,
which plays an important role in many neurodegenerative dis-
orders (16). Neurons exhibit a higher sensitivity to proteasome
inhibition than astrocytes, mostly because they undergo
increased levels of oxidized proteins (17). Impaired clearance of
oxidatively modified proteins can cause their aggregation and
directly promote progression of the neurodegenerative process
(18). Both deleterious consequences of mitochondrial impair-
ment, i.e. restricted ATP-generating capacity and ROS produc-
tion, are likely to contribute to impaired proteasome-depen-
dent proteolysis in neurons (10, 19, 20).
It is postulated that in neurons, even a modest restriction of

ATP production by mitochondria far outweighs the negligible
effects of ROS, although the underlying mechanisms are not
clearly understood (7). In our current study with neurons, we
demonstrate that low ATP levels caused by mitochondrial dys-
function correlate with impairment of the ubiquitin/protea-
some pathway (UPP); there is a decline in E1 and 26S protea-
some activities, both of which are energy-dependent, with a
concomitant rise in 20S proteasomes. This decline inUPP func-
tion occurs upon acute and long term mitochondrial impair-
ment. Notably, upon energy depletion, calpain activation leads
to the selective cleavage of Rpn10, a 26S proteasome subunit.
Other proteasome subunits tested were not affected. Rpn10
cleavage, combined with ATP depletion, contributes to the
demise of 26S proteasome function, a critical step in the UPP.
We postulate that under acutemitochondrial stress conditions,
unregulated and energy-independent protein degradation via
20S proteasomes could carry out the degradation of randomly
unfolded oxidized proteins. However, regulated and ATP-de-
pendent protein degradation via the UPP is essential for long
term neuronal survival.

EXPERIMENTAL PROCEDURES

Materials—The following inhibitors were used: oligomycin
A, antimycin A, rotenone, and chloroquine (Sigma-Aldrich);
epoxomicin (Peptides International Inc.); calpain inhibitor III
and calpeptin (Calbiochem/EMD Bioscience). The following

substrate was used: Suc-LLVY-AMC (BachemBioscience Inc.).
The following primary antibodies were used: rabbit polyclonal
anti-ubiquitinated proteins (1:1500, catalog number Z0458,
Dako North America); rabbit polyclonal anti-�5 (1:5000, cata-
log number PW8895), mouse monoclonal anti-Rpt6 (1:2000,
catalog number PW9265), anti-Rpn10 (1:2000, catalog number
PW9250), anti-�5 (1:2000, catalog number PW8125), anti-
Rpn2 (1:2000, catalog number PW9270), and anti-Rpt5 (1:2000,
catalog number PW8770), all from ENZO Life Sciences, Inc.;
mouse monoclonal anti-�-actin (1:10,000, catalog number
A-2228, Sigma); rabbit polyclonal anti-caspase 3 (1:1000, cata-
log number 9662), anti-UBE1a (1:1000, catalog number 4890),
and anti-E2-25K/Hip2 (1:1000, catalog number 3847), all from
Cell Signaling Technology; mouse monoclonal anti-spectrin �
chain (1:5000, clone AA6, catalog number MAB1622, Milli-
pore); mouse monoclonal anti-�III-tubulin (1:10,000, catalog
numberMMS-435P, Covance); andmousemonoclonal TauC5
(1:50,000; detects all Tau isoforms; epitope, residues 210–241),
courtesy of Dr. L. Binder (Northwestern University, Chicago,
IL). Secondary antibodies with HRP conjugate (1:10,000) were
from Bio-Rad Laboratories.
Cell Cultures—Dissociated cultures from Sprague-Dawley

rat embryonic (embryonic day 18, both sexes) cerebral cortical
neurons were prepared as follows. The isolated cortices free of
meninges were digested with papain (0.5 mg/ml from Wor-
thington Biochemical) in Hibernate E without calcium (Brain-
Bits LLC) at 37 °C for 30 min in a humidified atmosphere con-
taining 5% CO2. After removal of the enzymatic solution, the
tissues were gently dissociated in Neurobasal medium (Invitro-
gen). Dissociated tissues were centrifuged at 300 � g for 2 min.
The pellet was resuspended in Neurobasal medium without
antibiotics andplated on 10-cmdishes precoatedwith 50�g/ml
poly-D-lysine (Sigma). Cells were plated at a density of 6 � 106
cells/10-cm dish, or 2.5 � 105 cells/well on 24-well plates (cell
viability only). Cultures were maintained in Neurobasal
medium supplemented with 2% B27 and 0.5 mM L-GlutaMAX
(all from Invitrogen) at 37 °C in a humidified atmosphere con-
taining 5% CO2. Half of the medium was changed every 4 days.
Experiments were run upon 8–11 days in vitro. According to
the manufacturer’s specifications, Neurobasal medium con-
tains several proprietary factors that ensure a mostly pure
(�95%) neuronal culture; glial growth is inhibited without a
need for the anti-mitotic agent arabinofuranosyl cytidine (21,
22).
Culture Treatments—Cortical neurons were treated acutely

(1.5, 2, 4, 8, or 16 h) with DMSO or with the different drugs in
DMSOadded directly toDMEMwithout serum, supplemented
with 0.5 mM L-GlutaMAX and 1 mM sodium pyruvate (all from
Invitrogen). The final DMSO concentration in themediumwas
0.5%. For long term (1 day to 7 days) studies, neurons were
maintained for the entire time in DMEM with 2% B27 supple-
mented with 0.5 mM L-GlutaMAX and 1 mM sodium pyruvate.
Drugs were added once at the beginning of each experiment,
following the same protocol as for the acute studies.
ATP Assay—Steady state ATP content was measured with a

kit using the sensitive luciferin/luciferase system (Molecular
Probes). This assay is based on luciferase requiring ATP for
light production using luciferin as a substrate. Cells were har-

Calpain Regulates 26S Proteasome Stability When ATP Is Low

12162 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 17 • APRIL 26, 2013



vested with 4% trichloroacetic acid followed by centrifugation
(19,000� g, 15min at 4 °C). ATP steady state levels were deter-
mined in cleared supernatants upon neutralizing the samples
with 10 mM Tris-HCl, pH 8.0. Samples were then added to the
reaction buffer containing luciferin and assayed using a Lumi-
noskan Ascent microplate luminometer (Thermo Electron).
Protein concentration was determined with the bicinchoninic
acid assay (BCA) kit (Pierce) upon resuspending the pellet with
buffer (10 mM Tris-HCl, pH 8.0 and 1% SDS), and sonication.
ATP levels were normalized for protein concentration.
Mitochondrial Membrane Potential and ROSMeasurements—

Upon treatment with the drugs, mitochondrial membrane
potential (��m) was assessed with TMRE (Abcam Inc.), and
ROS was assessed with H2DCFDA (Invitrogen). At the desig-
nated time points, treatment medium (DMEM) with the drugs
was removed, and fresh DMEMwithout drugs but with TMRE
(200 nM) or H2DCFDA (20 �M) was added to separate cultures.
Following a 30-min dye-loading incubation that included
Hoechst 33342 (2�-[4-ethoxyphenyl]-5-[4-methyl-1-piperazi-
nyl]-2,5�-bi-1H-benzimidazole trihydrochloride trihydrate) for
nuclear staining for the last 5min, the cultures were changed to
fresh dye-free DMEM. The dyes were allowed to re-equilibrate
in the fresh dye-free medium, and then TMRE and H2DCFDA
fluorescence was imaged on a Nikon Eclipse TE 200 inverted
epifluorescence microscope. The following excitation/emis-
sion wavelengths were used: for TMRE (red), 549/575 nm; for
ROS (green), 495/529 nm; and for Hoechst 33342 (blue), 350/
461 nm. For each condition, total fluorescence from cells was
semiquantified in each image field using ImageJ, typically for
10–15 images per group pooled over two independent experi-
ments for each group, and normalized to time-matchedDMSO
(vehicle) control � 1. Images with effectively no signal were
excluded from analysis (using ImageJ from the National Insti-
tutes of Health).
Cell Viability Assays—Cell viability was assessed with the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay as described in Ref. 23. In addition, pro-
pidium iodide cell staining (Invitrogen) and 6-carboxyfluores-
cein diacetate (6-CFDA) (Sigma) cell staining were carried out
following the respective manufacturer’s specifications.
Western Blotting—After treatment, cells were rinsed twice

with PBS and harvested by gently scraping into hot (100 °C)
SDS buffer (0.01 M Tris-EDTA, pH 7.5, and 1% SDS) to make
sure all intracellular proteins were included. Samples were sub-
jected to a 5-min boil at 100 °C followed by brief sonication.
After determination of the protein concentration with the BCA
kit, the following was added to each sample (final concentra-
tions): �-mercaptoethanol (4%), bromphenol blue (0.005%),
and glycerol (4%). Following SDS-PAGE on 6, 8, 10, or 12%
polyacrylamide gels, proteins were transferred to an Immo-
bilon-P membrane (Millipore). The membranes were probed
with the respective antibodies, and antigens were visualized by
a standard chemiluminescent horseradish peroxidase method
with the ECL reagent. Semiquantification of protein detection
was done by image analysis with ImageJ.
Evaluation of Endogenous E1- and E2-25k-Ubiquitin Thiol

Esters—Upon treatment with vehicle (control, DMSO) or with
the respective drugs, cortical neurons were washed twice with

PBS, harvested with a thiol-stabilizing buffer (5 mM Tris-HCl,
pH 7.8, 8.7 M urea, 1% Nonidet P-40, 20 mMN-ethylmaleimide,
3 mM EDTA, 2% protease inhibitor mixture (Sigma)), and kept
on ice for 15 min for lysing, as described in Ref. 24. Samples
were sonicated for 10 s, centrifuged at 19,000 � g for 15 min at
4 °C, mixed (30 �g) at 1:2 volume with thiol ester gel buffer (33
mM Tris-HCl, pH 6.8, 2.7 M urea, 2.5% SDS, and 13% glycerol),
and boiled for 5 min. After determination of the protein con-
centration with the Bradford assay (Bio-Rad Laboratories), the
normalized samples were separated into reducing (with 4%
�-mercaptoethanol) and nonreducing (no �-mercaptoethanol)
aliquots for SDS-PAGE followed by Western blotting with
anti-E1 and anti-E2 antibodies, as described above.
In-gel Proteasome Activity and Proteasome Levels—Upon

treatment with vehicle (control, DMSO) or the respective
drugs, cells were washed twice with PBS and harvested for the
in-gel assay as described in Ref. 25. The native gels loaded with
30 �g of protein/lane were run at 150 V for 120min. The in-gel
proteasome activity was detected by incubating the native gel
on a rocker for 10min at 37 °Cwith 15ml of 300�MSuc-LLVY-
AMC followed by exposure to UV light (360 nm). Gels were
photographed with a NIKON COOLPIX 8700 camera with a
3-4219 fluorescent green filter (Peca Products, Inc.). Proteins
on the native gels were transferred (110mA) for 2 h onto PVDF
membranes. Immunoblotting was carried out for detection of
the 20S and 26S proteasomes with the anti-Rpt6 and anti-�5
antibodies, which react with subunits of the 19S or the 20S
particles, respectively, thus detecting 26S and 20S fully assem-
bled proteasomes. Antigens were visualized by a chemilumi-
nescent horseradish peroxidase method with the ECL reagent.
The values in the tables shown in Figs. 3 and 4 reflect the semi-
quantification obtained with the Rpt6 antibody for 26S protea-
some levels (single and double capped) as it generated the
strongest signal and with the �5 antibody for 20S proteasome
levels.
Glycerol Density Gradient Centrifugation—Cells were har-

vested in 25 mM Tris-HCl, pH 7.5, 2 mM ATP, and 1 mM DTT.
Following homogenization and sonication, the lysates were
centrifuged (19,000 � g for 15 min) at 4 °C. The cleared super-
natants (1 mg of protein/sample) were subjected to centrifuga-
tion (83,000 � g for 24 h) at 4 °C in a Beckman SW41 rotor in a
10–40% glycerol gradient (fractions 1–24) made in the same
lysis buffer. Following centrifugation, 24 fractions (500 �l
each) were collected. Aliquots (50 �l) of each fraction were
assayed for chymotrypsin-like activity with the substrate
Suc-LLVY-AMC after 3-h incubations at 37 °C as described
in Ref. 26 and using a Gemini EM spectrofluorometer
(Molecular Devices). Proteins were precipitated with ace-
tone from 450 �l of each fraction and subjected to Western
blot analysis (10% gels). The membranes were probed with
the respective antibodies, and antigens were visualized by a
standard chemiluminescent horseradish peroxidase method
with the ECL reagent.
Statistical Analysis—Statistical significance was estimated

using one-way analysis of variance (Tukey-Kramer multiple
comparison test) or Student’s t test with Welch’s correction
(Fig. 2 only) with the Prism 5 program (GraphPad Software).
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RESULTS

Oligomycin, Antimycin, and Rotenone as Mitochondrial
Inhibitors—To investigate the link between mitochondrial
impairment and loss of neuronal viability, rat cerebral cortical
neurons were treated with three mitochondrial inhibitors that
affect different elements of the electron transport chain. 1)
Rotenone binds toND1 and inhibitsNADH-ubiquinone reduc-
tase activity of complex I (27); 2) antimycin A binds to the
quinone reduction site of complex III (ubiquinol-cytochrome c
oxidoreductase), inhibiting the reduction of cytochrome c (28);
and 3) oligomycin binds to a polypeptide in the F0 baseplate and
blocks ATP synthesis by the F0/F1mitochondrial ATP synthase
(29). As shown in Fig. 1A, all three drugs decrease ATP levels in
a concentration-dependent manner. Oligomycin was the most
efficient, as 5 nM of this drug lowered ATP levels by �75%. The
25% ATP that remains upon oligomycin treatment must be

generated in a mitochondria-independent manner by glycoly-
sis. The decline in ATP levels induced a loss of neuronal viabil-
ity (Fig. 1B) assessed with the MTT assay, which is reduced
largely within the cytoplasm of most cells (30, 31). From the
three drugs tested, rotenone caused the weakest changes in all
assays, except for ROS.
Effect of Oligomycin, Antimycin, and Rotenone on ��m and

ROS—Oligomycin (5 nM), antimycin (5 nM), and rotenone (10
nM) all decreased TMRE signal after 1.5- or 4-h treatment, as
did the protonophore carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (100 nM) (Fig. 2A). This decline in TMRE sig-
nal is likely to reflect a decrease in ��m. By inhibiting complex
I and III, respectively, and thus reducing proton efflux from the
mitochondria, rotenone and antimycin are classically associ-
atedwith decreased��m, as supported by the decline in TMRE
signal. Under nonglycolytic conditions, acute oligomycin treat-
ment is typically associated with increased ��m due to the
oligomycin-induced blockade of proton influx through the
ATP synthase. Oligomycin will decrease ��m when ��m is
being maintained by reversal of the ATP synthase by hydrolyz-
ing glycolysis-derivedATP (32), but this scenario is not consist-
ent with the oligomycin-induced decline in ATP levels at these
same 1.5- and 4-h time points (Fig. 1). Rather, a decline in��m
caused by longer term oligomycin treatment would be consis-
tent with the overall loss of metabolic (i.e. namely NADH)
activity we observed by MTT assay at these same time points,
and may also be caused by uncoupling proteins activated in
response to prolonged elevation of ��m (33, 34).

FIGURE 1. Effects of oligomycin, antimycin and rotenone on ATP levels
and viability in rat cerebral cortical neurons. Neurons were treated with
oligomycin (panels 1 and 2), antimycin (panels 3), and rotenone (panels 4) for
the times and concentrations indicated. A, ATP steady state levels (pmol/�g
of protein) were assessed with the luciferin/luciferase system. B, cell viability
was assessed with the MTT assay. The percentages represent the ratio
between the data for each condition and control (100%). Values indicate
means and S.E. from at least three experiments per group. Asterisks identify
values that are significantly different from control (*, p � 0.05; **, p � 0.01; ***,
p � 0.001).

FIGURE 2. Effects of oligomycin (Olig), antimycin (Ant), and rotenone (Rot)
on mitochondrial membrane potential ��m and ROS in rat cerebral cor-
tical neurons. Neurons were treated with oligomycin (5 nM), antimycin (5
nM), and rotenone (10 nM) for the times indicated. A, ��m was assessed with
TMRE. The effect of the uncoupler carbonyl cyanide p-trifluoromethoxyphe-
nylhydrazone (FCCP) is shown for comparison. AFU, arbitrary fluorescent
units. B, ROS was assessed with H2DCFDA. Total fluorescence from cells was
quantified in each image field using ImageJ. Values (arbitrary fluorescent
units (AFU)) indicate means and S.E. from 10 –15 images per group pooled
over two independent experiments for each group and normalized to time-
matched DMSO (vehicle) control � 1. Asterisks identify values that are signif-
icantly different from control (**, p � 0.01; ***, p � 0.001).
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ROS are generated whenever electron transport through the
electron transport chain is slowed (29, 35). As expected, ROS
production in response to 1.5 or 4 h of oligomycin (5 nM), anti-
mycin (5 nM), and rotenone (10 nM) treatment was elevated as
measuredbyH2DCFDAfluorescence (Fig. 2B). For theTMREand
ROSmeasurements, only the 1.5- and 4-h time points were quan-
tified because quantification of later time points would be con-
founded by significant loss of cell integrity and thus not
informative.
The Decline in Polyubiquitinated Proteins Induced by the

Three Mitochondrial Inhibitors Is Linked to E1 Failure—
Chronic neurodegenerative disorders such as AD are linked to

mitochondrial dysfunction and to accumulation/aggregation of
ubiquitinated (Ub) proteins (37).We examined the effect of the
three mitochondrial inhibitors on Ub protein levels in the cor-
tical neurons. Oligomycin and antimycin decreased Ub pro-
teins in a concentration- (Fig. 3,A and B, panel 1) and time-de-
pendent (established for oligomycin, Fig. 3C, panel 1) manner.
Only the highest concentration of rotenone tested (10 nM) sig-
nificantly lowered Ub protein levels. In neurons treated with
oligomycin, but not with antimycin or rotenone, the decline in
Ub proteins coincided with a rise in free monoubiquitin,
observed in a concentration- (Fig. 3B, panel 2) and time-depen-
dent (Fig. 3C, panel 2)manner. The effect of prostaglandin J2 on

FIGURE 3. Effects of oligomycin, antimycin (Antimyc.), and rotenone on Ub proteins, monoubiquitin (MonoUb), and E1- and E2-ubiquitin thiol esters
in rat cerebral cortical neurons. Neurons were treated as indicated. Total lysates were analyzed by Western blotting (30 �g of protein/lane) probed with the
respective antibodies for detection of proteins as follows. A–C, Ub proteins (panels 1), free monoubiquitin (panels 2), and �III-tubulin (�III-tub, loading control,
panels 3). D, E1-ubiquitin (E1	Ub) and E2-ubiquitin (E2	Ub) thiol esters (upper bands) and native E1 and E2 (lower bands) run under nonreducing conditions
(left panels) or reducing conditions with �-mercaptoethanol (right panels); actin (loading control) was detected in panels 3 and 5. Olig, oligomycin; Ant,
antimycin; Rot, rotenone. E, effect of prostaglandin J2 (15 �M; J2) on Ub proteins and �III-tubulin (�III-tub, loading control). Molecular mass markers in kDa are
shown on the left and right. In A–C, the levels of ubiquitinated proteins (polyUb/�III-tub) and free monoubiquitin (monoUb/�III-tub) were semiquantified by
densitometry (values in tables). Data represent the percentage of the pixel ratio for Ub proteins and free monoubiquitin over the respective loading control for
each condition when compared with control (DMSO, 100%). Values are means from at least three experiments. Asterisks identify values that are significantly
different from control (*, p � 0.05, **, p � 0.01, ***, p � 0.001).
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Ub proteins in neurons is shown for comparison in Fig. 3E.
Prostaglandin J2 is an endogenous product of inflammation (38)
shown to increase the levels of Ub proteins (39), in contrast to
the mitochondria toxins.
To address a mechanism mediating the decline in Ub pro-

teins induced by oligomycin, we focused on the E1A ubiquitin-
activating enzyme and on the E2-conjugating enzyme E2-25K.
E1 activity requires ATP for formation of a thiol ester adduct
with ubiquitin, a process that is sensitive to reducing agents,
such as �-mercaptoethanol (40). In principle, if E1 activity is
impaired, all protein ubiquitination, including E1-E2 transthio-
lation, should be diminished. To assess E1- and E2-ubiquitin
thiol ester levels, the samples were run on SDS-PAGE under
reducing (with �-mercaptoethanol) and nonreducing (without
�-mercaptoethanol) conditions. As shown in Fig. 3D (panels 1
and 4, left lanes), under nonreducing conditions, E1-ubiquitin
thiol ester (�126 kDa) migrated �9 kDa above native E1 (117
kDa), consistent with the additional mass of ubiquitin. Oligo-
mycin and antimycin treatment abolished the E1-ubiquitin

thiol ester, reflecting the loss of the ubiquitin monomer. The
effect of rotenone on E1-ubiquitin thiol ester was very minor
(undetectable). A similar pattern was observed for the E2-con-
jugating enzymeE2-25K. Its E2-ubiquitin thiol ester (�33 kDa),
which is dependent on E1 transthiolation activity, was elimi-
nated in neurons treated with oligomycin (Fig. 3D, panel 2,
three left lanes). Under reducing conditions (panels 1, 2, and 4,
right lanes), only native E1 and E2 were detected. Together,
these data demonstrate that due to mitochondrial impairment,
ATP depletion in neurons prevents E1 from forming thiol ester
intermediates with ubiquitin, resulting in an overall down-reg-
ulation of Ub proteins.
Perturbing Mitochondria in Neurons Causes a Decline in 26S

Proteasomes and a Concomitant Increase in 20S Proteasomes—
The activity and assembly of 26S proteasomes are highly
dependent on ATP binding and hydrolysis (10, 41). We thus
assessed, with the native in-gel assay, the effects of the three
mitochondrial inhibitors on proteasome activity and levels in
the cortical neurons. The in-gel assay detects the three assem-

FIGURE 4. Effects of oligomycin, antimycin and rotenone on proteasome activity and levels in rat cerebral cortical neurons. A–C, neurons were treated
for 16 h with antimycin (Antimyc.) or rotenone (A) or oligomycin (B) or with 5 nM oligomycin for different time points (C). Cleared lysates (30 �g/sample) were
subjected to nondenaturing gel electrophoresis as described under “Experimental Procedures.” Fully assembled 26S and 20S proteasomal (indicated in the
middle by arrows) chymotrypsin-like activity was assessed with Suc-LLVY-AMC by the in-gel assay (panels 1). Proteasome levels were detected by immuno-
blotting with anti-Rpt6 (panels 2) and anti-�5 antibodies (panels 3). Proteasome chymotrypsin-like activity and levels were semiquantified by densitometry
(values in tables). The percentages represent the ratio between data for each condition and control (DMSO) considered to be 100%. Values are means from at
least three experiments. Asterisks identify values that are significantly different from control (*, p � 0.05, **, p � 0.01, ***, p � 0.001).
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bled forms of the proteasome: 26S proteasomes with either two
regulatory caps (26S(2)) or one cap (26S(1)) and the 20S core
particle alone (20S). Proteasome activity was determined with
the substrate Suc-LLVY-AMC, which assesses the chymotryp-
sin-like activity (Fig. 4,A–C, panel 1). Under control conditions
(lanes marked with 0), the activity of the 20S proteasome is
substantially lower than that of the 26S because the 20S is a
latent proteasome form (42). Proteasome levels were deter-
mined by immunoblotting with the anti-Rpt6 antibody that
reacts with an ATPase subunit of the 19S particle (Fig. 4, A–C,
panel 2) and with the anti-�5 antibody (Fig. 4, A–C, panel 3).
The �5 subunit is a component of the 20S core; thus, its anti-
body detects assembled 26S and 20S proteasomes. The three
mitochondria inhibitors decreased 26S proteasome activity in a
concentration- (Fig. 4, A and B, panel 1) and time-dependent
(oligomycin, Fig. 4C, panel 1) manner. Furthermore, the three
drugs caused the disassembly of the 26S proteasome as its levels
decreased, whereas the levels of the 20S proteasome increased
(Fig. 4,A–C, panels 2 and 3). Semiquantification of proteasome
activity and levels for each condition is listed in the respective
tables shown in Fig. 4.
We corroborated by glycerol gradient fractionation that

mitochondrial dysfunction in neurons causes a shift from 26S
to 20S proteasomes (Fig. 5). Because oligomycin has the stron-
gest effect, we only tested this drug here. Total extracts from
cells treated with vehicle (DMSO, control) or oligomycin (5 nM,
8 h) were fractionated by glycerol density gradient centrifuga-
tion. Fractions were analyzed for Suc-LLVY-AMC hydrolysis,
which reflects the chymotrypsin-like activity (graph). When
compared with control, the chymotrypsin-like activity of oligo-

mycin-treated cells was significantly reduced in the fractions
corresponding to the elution of the 26S proteasomes: fractions
12–16 (peak for 26S), compare oligomycin treatment (white
squares) with control (black squares). In contrast, the activity of
20S proteasomes (fractions 7–9, peak for 20S) was increased in
the oligomycin-treated cells.
To confirm the proteasome elution pattern, aliquots from

each fraction were subjected to Western blot analyses with the
anti-Rpt6 antibody that reacts with an ATPase subunit of the
19S particle (rows 1 and 3, control- and oligomycin-treated,
respectively) and the anti-�5 antibody that reacts with a sub-
unit of the 20S core particle, (rows 2 and 4, control- and oligo-
mycin-treated, respectively). From these experiments, we can
conclude that an 8-h treatment with 5 nM oligomycin triggers
the disassembly of 26S proteasomes with a parallel increase in
20S proteasomes.
Mitochondrial Dysfunction Causes a Selective Decline in the

Levels of the Rpn10 Subunit of the 19S Particle That Concurs
with Calpain but Not Caspase Activation—We considered that
the decrease in 26S proteasome levels induced by oligomycin
could be caused by a reduction in subunit levels.We thus inves-
tigated the effect of oligomycin on subunits of the 19S (Rpn2,
Rpt5, Rpt6, and Rpn10) and 20S (�5 and �5) proteasome parti-
cles. Notably, from all of the proteasome subunits tested, only
Rpn10 levels were reduced by oligomycin in a concentration-
(Fig. 6A, top row) and time-dependent (Fig. 6B, top row)
manner.
Because oligomycin triggers a loss of neuronal viability, we

contemplated the possibility that apoptosis was induced and
that the ensuing caspase activation was responsible for cleaving

FIGURE 5. Effects of oligomycin on the sedimentation velocity of proteasomes in rat cerebral cortical neurons. Total lysates (one mg protein/sample)
were fractionated by glycerol density gradient centrifugation (10 – 40% glycerol corresponding to fractions 1–24). Aliquots (50 �l) of each fraction obtained
from control- (black squares) and oligomycin- (5 nM, 8 h, white squares) treated cells were assayed for chymotrypsin-like activity with Suc-LLVY-AMC (graph).
Immunoblot analyses of each fraction probed with antibodies that react with Rpt6 (19S regulatory particle, panels 1 and 3) or �5, (core particle, panels 2 and 4)
are shown. Proteins were precipitated with acetone from 450 �l of each fraction. Similar results were obtained in triplicate experiments. RFU, relative
fluorescent units.
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Rpn10, thus decreasing its levels. However, we did not observe
cleavage of pro-caspase 3 (33 kDa) to its active form (17 kDa) in
neurons treated with oligomycin (Fig. 6C, panel 1). Instead,
pro-caspase 3 was processed to an �29-kDa fragment (Cl-
caspase 3) and not to its active 17-kDa form. The latter 17-kDa
fragment triggered by the endogenous product of inflammation
prostaglandin J2 is shown for comparison in Fig. 6C (panel 1,
last lane). Prostaglandin J2 is known to induce apoptosis in neu-
rons (43).
We next investigated whether calpain was activated upon

mitochondrial dysfunction by assessing cleavage of one of its
substrates, �-spectrin. Oligomycin treatment clearly induced
cleavage of �-spectrin (280 kDa) to 145/150-kDa fragments,
which are indicative of calpain activation (Fig. 6C, panel 2). In
contrast, therewas nodetection of the 120-kDa�-spectrin frag-
ment, a marker of apoptotic cell death generated by caspase 3
processing of �-spectrin (44). For comparison, prostaglandin
J2-induced cleavage of �-spectrin to the caspase-mediated 120-
kDa fragment is shown (Fig. 6C, panel 2, last lane). Oligomycin
also induced the cleavage of another calpain substrate, the
microtubule-associated protein Tau (Fig. 6D, panels 1 and 2).
Tau is a major component of neurofibrillary tangles in AD (45).
Together, these results suggest that the selective decline in
Rpn10 induced by mitochondrial dysfunction may be triggered
by calpain-mediated processing.
Fluorescence staining confirmed that oligomycin induces

necrosis. Propidium iodide (PI) staining of oligomycin-treated
neuronal cultures (Fig. 6E, panel 2) indicates necrotic cell death
because due to the extensive membrane damage, PI quickly
moves into necrotic cells. The intact membrane of living cells
(Fig. 6E, panel 1) and apoptotic cells prevents PI cell entry (46).
Although apoptosis affects mainly the nucleus, in its later
phases, the plasma membrane becomes leaky and can also
uptake PI (46). Staining with 6-CFDA is used to detect living
cells.When this nonfluorescent compound enters living cells, it
is hydrolyzed by esterases, generating 6-carboxyfluorescein
that appears as green fluorescence (47). Thus, necrotic cells do
not appear green (Fig. 6E, panel 4), whereas living cells do (Fig.
6E, panel 3). Nuclear morphology is shownwith Hoechst stain-
ing (Fig. 6E, panels 5 and 6).
We established that antimycinmimics the effects of oligomy-

cin on Rpn10, caspase 3, �-spectrin, and Tau cleavage (Fig. 7).
However, rotenone had only weak or undetectable effects on
the cleavage of the latter proteins (Fig. 7). Because Rpn11, a
deubiquitinating subunit, is linked to mitochondrial function
(48), we investigated whether its levels were altered by any of
the threemitochondrial inhibitors. As shown in Fig. 7 (panel 2),
no changes in Rpn11 were detected.

UponMitochondrial Impairment, Rpn10 Is Processed by Cal-
pain and Not by Proteasomes or Lysosomes—Because oligomy-
cin has the strongest effect, we only focused on this drug here.
To sort out which proteolytic activity processes Rpn10 upon
treatment with oligomycin, we pretreated neurons with inhib-
itors of the proteasome (epoxomicin), lysosome (chloroquine),
and calpain (calpain inhibitor III (Cp3, Z-Val-Phe-CHO) and
calpeptin (Z-Leu-Nle-CHO)). Only the calpain inhibitors (Fig.
8A, dashed box) prevented the decline in Rpn10 (panel 1). Fur-
thermore, the calpain inhibitors blocked cleavage of pro-
caspase 3 (panel 2), �-spectrin (panel 3), and Tau (panel 4).
Pretreatment with the calpain inhibitors also prevented the
decline in 26S proteasome activity (Fig. 8B, panel 1) and assem-
bly (Fig. 8B, panels 2 and 3) triggered by oligomycin. Surpris-
ingly, Cp3 by itself inhibited 26S proteasome activity without
triggering its disassembly, whereas calpeptin stimulated the
20S proteasome. The two inhibitors per se did not alter
proteasome levels by much; thus, their individual effects on
proteasome activity could be due to a secondary effect on
the proteasome itself (for Cp3) and/or on a putative 20S pro-
teasome-activating factor regulated by calpain. Anyway, it is
clear that the two calpain inhibitors prevented the negative
effect of oligomycin on proteasomes.
The calpain inhibitors failed to prevent the decline in E1

activity (Fig. 8C) or the loss in viability induced by oligomycin
(Fig. 8D). This is not surprising because the calpain inhibitors
target calpain, but not ATP depletion.

FIGURE 6. Effects of oligomycin on proteasome subunit levels, caspase 3, �-spectrin, and Tau cleavage in rat cerebral cortical neurons. Neurons were
treated as indicated. Total lysates were analyzed by Western blotting (30 �g of protein/lane) probed with the respective antibodies for detection of proteins
as follows. A and B, proteasome subunits (19S particle, Rpn10, Rpn2, Rpt5, and Rpt6; 20S core, �5 and �5) and �III-tubulin (�III-tub, loading control). C, caspase
3 (panel 1) and �-spectrin (panel 2), with the effect of prostaglandin J2 (J2) shown for comparison. D, Tau (panels 1 and 2) and actin (loading control, panel 3).
Molecular mass markers in kDa are shown in the center (A and B), on the right (C), and on the left (D). Similar data were obtained in triplicate experiments. The
abbreviations indicate: Pro (full-length), Cl (cleaved), and Act (active) caspase 3; Tau FL, full-length Tau; short exp., short exposure; long exp., long exposure. E,
fluorescence staining with PI (panels 1 and 2), 6-CFDA (panels 3 and 4), and Hoechst (panels 5 and 6) of neurons treated as indicated. In panels 5 and 6, the nuclei
of the neurons within the white boxes are magnified and shown on the bottom right of each panel. Similar results were obtained in triplicate experiments. DIC,
differential interference contrast images.

FIGURE 7. Effects of antimycin and rotenone on Rpn10 (panel 1), Rpn11
(panel 2), caspase 3 (panel 3), �-spectrin (panel 4), and Tau cleavage (pan-
els 5 and 6) in rat cerebral cortical neurons. Neurons were treated for 16 h
with antimycin (Ant) or rotenone (Rot). Oligomycin (Olig) was included for
comparison. Total lysates were analyzed by Western blotting (30 �g of pro-
tein/lane) probed with the respective antibodies. �III-tub indicates �III-tubu-
lin (used as loading control). Molecular mass markers in kDa are shown in the
center. Similar data were obtained in triplicate experiments. The abbrevia-
tions indicate: Pro (full-length), Cl (cleaved), and Act (active) caspase 3; Tau FL,
full-length Tau; short exp., short exposure; long exp., long exposure.
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Long Term (7-Day) Incubations with Lower Doses (1 nM) of
Oligomycin Mimicked the Effects of Acute (up to 16 h) Treat-
ment with Higher (5 nM) Oligomycin Doses—In the previous
experiments, we investigated the effects of short term (up to
16 h) incubations with oligomycin (5 nM).We also treated neu-
rons with a low dose (1 nM) of oligomycin for 7 days to mimic
the effect of chronicmitochondrial impairment. The same phe-
nomena were observed upon the long 7-day treatment (Fig. 9);
26S proteasome activity (Fig. 9A, panel 1) and levels (Fig. 9B,
panel 1), Ub proteins (Fig. 9C), and ATP (Fig. 9D) all declined
upon oligomycin treatment. To improve detection of the 20S

proteasome, 0.04% SDS was added to the activity reaction
buffer at the same time as the substrate. 20S proteasome activ-
ity (Fig. 9A, panel 2) and levels (Fig. 9B, panel 2) increased
concurrently with the decline in 26S proteasomes.

DISCUSSION

In this study, we characterize some of the mechanisms by
which mitochondrial toxins (oligomycin, antimycin, and rote-
none) affect the UPP in cortical neurons. It is clear that among
the three drugs tested, rotenone caused the weakest changes on
theUPP, aswell as onATP levels. In the first place, we show that

FIGURE 8. Calpain inhibitors but not proteasome or lysosomal inhibitors prevent/diminish the effects of oligomycin on Rpn10 (panel 1), caspase 3
(panel 2), �-spectrin (panel 3), and Tau (panel 4) (A) and on proteasome activity (panel 1) and levels (panels 2 and 3) (B), but not on E1-thiol ester (C) and
cell viability (D). Rat cerebral cortical neurons were pretreated for 30 min with epoxomicin (ep, proteasome inhibitor), chloroquine (CQ, lysosomal inhibitor),
Cp3 (Z-Val-Phe-CHO), and calpeptin (Cpt, calpain inhibitor Z-Leu-Nle-CHO) where indicated and then with oligomycin (Oligo). Total lysates were analyzed as
follows. In A and C, by Western blotting (30 �g of protein/lane) probed with the respective antibodies using actin as loading control. In A, the abbreviations
indicate: panel 2, Pro (full-length) and Cl (cleaved) caspase 3; panel 4, Tau FL, full-length Tau. In C, E1-ubiquitin (E1	Ub) thiol ester (upper bands) and native E1
(lower bands) were run under nonreducing conditions (panels 1 and 2) or reducing conditions with �-mercaptoethanol (panels 3 and 4). Molecular mass markers
in kDa are shown on the right. Similar data were obtained in triplicate experiments. In B, the in-gel assay (30 �g/sample) was used to assess 26S and 20S
proteasome (indicated on the left by arrows) chymotrypsin-like activity (panel 1) and levels detected by immunoblotting with anti-Rpt6 (panel 2) and anti-�5
antibodies (panel 3). �III-tub indicates �III-tubulin, used as loading control. Proteasome chymotrypsin-like activity and levels were semiquantified by densi-
tometry (values in tables). The percentages represent the ratio between data for each condition and control (DMSO) considered to be 100%. Values are means
from at least three experiments. D, cell viability was assessed with the MTT assay. The percentages represent the ratio between the data for each condition and
control (100%). Values indicate means and S.E. from eight determinations per group. Asterisks identify values that are significantly different from control (*, p �
0.05; **, p � 0.01; ***, p � 0.001). Cpt	O and Cp3	O, respective calpain inhibitors plus oligomycin.
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mitochondrial impairment slows down the ubiquitination cas-
cade by blocking its first step, i.e. by preventing ubiquitin acti-
vation by the E1 enzyme. These results have implications for
the sequence of events leading to chronic neurodegenerative
diseases, such as AD, that are characterized by mitochondrial
and UPP dysfunction. It is clear that these two phenomena are
related in the course of AD. For therapeutic purposes, it would
be important to determine which occurs upstream, UPP or
mitochondrial impairment. On the one hand, our data show
that treatment with the three mitochondrial inhibitors blocks
the ubiquitination cascade, thus diminishing the levels of ubiq-
uitinated proteins instead of promoting their accumulation.On
the other hand, it is well established that proteasome inhibition
leads to accumulation of ubiquitinated proteins and affects
mitochondrial function (49, 50). Together, these data support
the notion that UPP impairment may precede mitochondrial
dysfunction at least in the neurodegenerative process that leads
to accumulation of ubiquitinated proteins.

In the second place, we demonstrate that mitochondrial
impairment provokes the demise of 26S proteasomes in neu-
rons. 26S proteasome dysfunction is caused by its disassembly,
which seems to be linked to selective processing of the Rpn10
subunit by calpain. Other proteasome subunits tested were not
affected. Proteasome subunits Rpn2, Rpn10, and Rpt5 were
reported to be cleaved in a caspase-mediated manner to facili-
tate the apoptotic program (51). Rpn10 is a subunit of the 19S
regulatory particle that is a receptor for polyubiquitinated pro-
teins (52, 53) and was recently mapped to the apex of the 26S
proteasome (54). Now we show, to our knowledge for the first
time, that the decline in Rpn10 upon mitochondrial deficiency
is due to calpain-dependent processing as it is prevented by
pretreatment with calpain inhibitors and not by proteasome or
lysosomal inhibitors. Calpains do not have a strict cleavage
specificity, although some preferences for particular amino
acid sequences, secondary structure (disordered regions), and
PEST regionswere suggested (55, 56). To find a putative calpain

FIGURE 9. Effects of long term incubations (up to 7 days) with oligomycin on rat cerebral cortical neurons. Neurons were treated with oligomycin (1 nM)
up to 7 days. Total lysates were analyzed by the in-gel assay (30 �g/sample) to assess 26S and 20S proteasome chymotrypsin-like activity (panels 1 and 2) (A) and
levels detected by immunoblotting with anti-Rpt6 (panel 1), anti-�5 (panel 2), and anti-�III-tubulin (�III-tub, loading control) antibodies (B). Arrows in the middle
indicate assembled 26S and 20S proteasomes. A, panel 2, to improve detection of 20S proteasome activity, 0.04% SDS was added to the reaction buffer. In C,
lysates were analyzed by Western blotting (30 �g of protein/lane) for Ub proteins. Molecular mass markers (kDa) are on the left. Ub/tub, ubiquitin/tubulin. In D,
ATP steady state levels (pmol/�g of protein) were assessed with the luciferin/luciferase system. Controls in C and D (0, Olig.) represent the average between 1
and 7 days without oligomycin. Values depict the means and S.E. from at least three determinations. Asterisks identify values that are significantly different from
control (*, p � 0.05; **, p � 0.01).
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cleavage site on Rpn10, we used two computational programs
(GPS-CCD - The Cuckoo Workgroup (57) and Calpain for
Modulatory Proteolysis Database (CaMPDB) (58)). We deter-
mined that a predicted calpain cleavage site on human Rpn10 is
Ala-360 (P1 position, indicated by bold and underline) within
the following sequence: AIRNAMGSLA-SQAT.
Notably, an rpn10mutant that binds the proteasome but not

the polyubiquitin chains rescued proteasome disassembly and
loss of viability in an rpn11-1 rpn10� lethal mutant (59).
Another study showed that the levels of Rpn10 are diminished
in old mice, whereas those of �5 remained unchanged (60). It
was postulated that the decline in Rpn10 levels could be one of
the major factors responsible for decreased proteasome func-
tion occurring with aging (60). These studies further support a
critical requirement for Rpn10 in proteasome assembly.
Besides Rpn10, we observed calpain-mediated cleavage of

two other proteins that are relevant to AD: caspase 3 and the
microtubule-associated proteinTau. Caspase 3was cleaved to a
fragment (29 kDa) that seems to be associated with caspase
inactivation (55). Calpain processing of caspase 3 to an inactive
form could be a measure to prevent execution of the apoptotic
pathway under conditions of ATP deficit as apoptosis is an
energy-dependent death pathway (61). Calpain activation is
linked to ATP depletion and necrosis, a cell death pathway
characterized by a bioenergetic catastrophe (61). In fact, cal-
pain activation was shown to be induced by electron transport
chain inhibitors, such as the ones used in our studies: rotenone,
antimycin, and oligomycin (62).
Tau is a major component of neurofibrillary tangles in AD

and other tauopathies. Tau is reported to be cleaved by caspases
and/or calpain depending on the pathological condition (63).
Caspase 3-induced Tau cleavage at Asp-421 has a high ten-
dency for aggregation (45). Calpain-induced Tau fragments,
including a typical 17-kDa fragment, represent a marker for
enhanced calpain activity in AD (64, 65). We detected this typ-
ical 17-kDa fragment in oligomycin- and antimycin-treated
neurons and observed preventive effects by calpain inhibitors.
The dual vulnerability of Tau to calpain and caspases needs to
be taken into consideration if preserving Tau integrity is con-
sidered as a therapeutic goal for AD and other tauopathies (63).
In the third place, we establish that mitochondrial toxins

raise the activity and level of 20S proteasomes in neurons. It was
proposed that 20S proteasomes in concert with immunopro-
teasomes degrade 70–80% of all oxidized proteins that are not
aggregated (66, 67). In addition, 26S proteasomes and the ubiq-
uitination machinery are more vulnerable to oxidative damage
than 20S proteasomes (68). Because we show that mitochon-
drial inhibitors cause a likely decline in��m and elevate ROS, it
is possible that 20S proteasomes are recruited under these con-
ditions, to promote turnover of oxidized proteins, as these pro-
teins may not be ubiquitinated (18, 36). However, under mild
conditions of oxidative stress, the UPP is up-regulated (13).
Whether 26S or 20S proteasomes degrade oxidatively modified
proteins remains to be confirmed.
In summary, our findings support a mechanism in neurons

by which mitochondrial impairment causes a decline in the
function of the ubiquitin/proteasome pathway; the steps of the
ubiquitin/proteasome pathway that are energy-dependent are

down-regulated, i.e. ubiquitin activation via E1 and 26S protea-
some function. Concomitantly, 20S proteasome activity and
levels are increased, possibly to promote protein degradation in
a ubiquitin- and ATP-independent manner. Besides ATP
depletion, calpain activation promotes the switch from 26S to
20S proteasomes as calpain processes the Rpn10 proteasome
subunit. Rpn10 could act as a 26S proteasome gatekeeper to
promote its disassembly when ATP is in short supply. Under
low energy conditions, upgrading 20S proteasome levels and
activity would ensure efficient protein degradation without
energy expenditure. The reduction in ubiquitinated proteins
and 26S proteasomes as well as the increase in 20S proteasomes
in neurons was observed upon acute and long term mitochon-
drial impairment. We postulate that under acute stress condi-
tions, unregulated protein degradation as carried out by 20S
proteasomes may be sufficient to promote degradation of ran-
domly unfolded oxidized proteins. However, regulated protein
degradation by the ubiquitin/proteasome pathway is essential
for long term neuronal survival.
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