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ABSTRACT

Complex I impairment with rotenone produces damage though a mechanism thought to be distinct from ef-
fects on mitochondrial respiration. The outcome of chronic rotenone on energy status in relation to toxicity,
however, is unknown. To examine this, mesencephalic cultures were exposed to chronic, low-dose rotenone
(5-100 nM, 8 days in vitro) or acute, high-dose rotenone (500 nM, 1-24 h), and ATP/ADP levels and toxicity
were measured. Chronic exposure to 5-50 nM rotenone produced selective dopamine cell loss. High-dose
rotenone produced nonselective damage at all exposure times. Chronic, low-dose rotenone (37.5 nM) de-
creased ATP/ADP gradually over several days to 40% of controls, whereas high-dose rotenone (500 n}M, 1-6
h), collapsed ATP/ADP by 1 h of exposure. The ubiquitin proteasomal pathway, an ATP-dependent pathway,
is implicated in Parkinson’s disease and, thus, various rotenone exposures were examined for effects on ubiq-
uitin proteasomal function. Chronic, low-dose rotenone (25-50 n}M, 8 days), but not acute, high-dose rotenone
(500 nM, 1-6 h), caused accumulation of ubiquitinated proteins, E1-ubiquitin activation, and increased pro-
teasomal activities prior to toxicity even though both exposures increased free radical production. Findings
show that selective dopamine cell loss and alterations in ubiquitin proteasomal function only occur with
rotenone exposures that partially maintain ATP/ADP. High concentrations of rotenone that collapse energy
status kill neurons in a nonselective manner independent of the ubiquitin proteasomal pathway. Antioxid.
Redox Signal. 7, 662—672.

INTRODUCTION

Loss OF NIGRAL DOPAMINE NEURONS and the presence of
Lewy body inclusions characterize Parkinson’s disease
(PD), the second most common neurodegenerative disease
among the elderly population. In familial PD, several genetic
mutations have been identified and include mutations in the
genes for a-synuclein, parkin, ubiquitin C-terminal hydrolase
(33), and DJ-1 (3). Idiopathic PD, on the other hand, does not
manifest these genetic mutations, but rather has been associ-
ated with biochemical deficits in mitochondrial metabolism
involving, by many accounts, complex 1 (38, 44), but also
represented by decreased activities of complex II/III (16),

coenzyme Q10 (48), and the Kreb’s cycle enzyme a-ketoglu-
tarate dehydrogenase (32). The direct participation of parkin
(47) and ubiquitin C-terminal hydrolase (25) in ubiquitin pro-
teasomal function and the accumulation of a-synuclein, as
well as the presence of ubiquitin, parkin, and proteasomal
subunits in Lewy bodies in both familial and idiopathic PD,
strongly implicate the involvement of the ubiquitin proteaso-
mal pathway in both forms of the disease.
1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), a
synthetically derived complex I inhibitor, has been used ex-
tensively to model idiopathic PD (17, 23) and provide an un-
derstanding of the mechanisms associated with dopamine cell
damage. Although the acute MPTP model has been informa-
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tive, it fails, at present, to replicate the accumulation of pro-
tein aggregates and inclusion bodies thought to be involved in
the disease process. Chronic exposure to low concentrations
of the naturally occurring complex I inhibitor rotenone, how-
ever, was found in vivo in rats to result in ubiquitin-a-synu-
clein-positive aggregates and loss of nigral dopamine neu-
rons (2). Protein aggregation and dopamine cell damage
occurred at estimated brain rotenone levels that, by compari-
son with isolated brain mitochondria, appeared not to affect
mitochondrial respiration (2). /n vitro, in a neuronal cell line,
repeated exposure to 5 nM rotenone increased accumulation
of a-synuclein (45). In a parallel study from this same report,
isolated mitochondria treated with a single application of 5
nM rotenone did not show altered NAD-linked O, consump-
tion (45). These findings suggest that cell damage caused by
the complex I inhibitor rotenone is unrelated to the effects of
rotenone on energy production. The relationship of rotenone
exposure to energy status and cell damage, however, has not
been directly investigated in situ.

The following study was carried out to define the energy
parameters, ATP, ADP, and ATP/ADP in cells during different
rotenone exposures and the relationship to neuronal toxicity.
Several steps in the ubiquitin proteasomal pathway are ATP-
requiring (5, 19, 52), including the first step in the pathway,
i.e., the activation of ubiquitin by E1. The differing effects re-
ported in the literature of acute, high-dose versus chronic,
low-dose exposure to complex I inhibitors on protein aggre-
gation could likely be a function of the extent of impairment
of high-energy phosphate production during mitochondrial
inhibition. To examine this, the effects of different rotenone
concentrations and exposures on the ATP-dependent activa-
tion of E1 with ubiquitin and accumulation of high-molecu-
lar-weight ubiquitinated proteins were also investigated.

MATERIALS AND METHODS

Mesencephalic culture

The ventral mesencephalon from embryonic day 15 rats was
dissected, pooled, and mechanically dissociated by trituration.
Cells were centrifuged at 1,000 g for 10 min and the pellet re-
suspended in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5 mM glucose, 2 mM glutamine, and 2.2 g/L.
bicarbonate plus 10% fetal bovine serum and 10% horse serum
(DMEM/serum). Cells were plated at 2.5 X 105cm? onto a
polyornithine-coated substrate in six- or 48-well trays. Cultures
were incubated at 37°C in a 95% air/5% CO, humidified atmo-
sphere. At 24 h, the culture medium was changed to fresh
DMEM/serum. 5-Fluoro-2-deoxyuridine (13 ug) plus uridine
(33 ug) was added from days 7-9 in vitro to reduce glial growth.
The medium was supplemented with 5 mM glucose every 72 h
until the conclusion of the studies. Rotenone was made as a
10% ethanol stock and diluted to a final ethanol concentration
of 0.1%. This concentration of ethanol was found to have no ef-
fect on cell viability or the measured outcomes. Rotenone addi-
tion was made as indicated for the different experiments. The
time of addition of rotenone was such that all exposures were
concluded on day 9 in vitro. At the end of exposure to rotenone,
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some cultures were immediately processed for ATP/ADP, pro-
teasomal function, or western blotting as described for the indi-
vidual procedures. Cultures for toxicity (uptake and immunocy-
tochemistry) had the medium replaced with conditioned
DMEM/serum supplemented with 5 mM glucose. Conditioned
medium was obtained from untreated cultures grown in DMEM/
serum for 7-9 days. This has been shown previously to prevent
the loss of dopamine neurons caused by refeeding of the culture
(9). Cultures for toxicity assessment were returned to the incu-
bator and allowed to recover for 72 h prior to testing to insure
that the end points were not a pharmacological effect of treat-
ment, but rather represented irreversible damage.

Dopamine and vy-aminobutyric acid (GABA)
high-affinity uptake

The high-affinity uptake of [3H]dopamine (final concen-
tration, 37.5 nM) and ["*C]GABA (final concentration, 5 uM)
was exactly as described previously (10). In brief, cultures
were incubated with radiolabeled compounds in HEPES
buffer (25 mM HEPES, 5.6 mM glucose, 125 mM NacCl, 4.8
mM KCl, 1.2 mM KH,PO,, 1.3 mM CaCl,, 1.2 mM MgSO,
containing 1 mM ascorbate, 100 wuM pargyline, 10 uM
aminoxyacetic acid, and 1 mM B-alanine for 15 min at 37°C.
Radioactivity in the cells was extracted with 95% ethanol and
quantified by scintillation counting. Uptake in samples incu-
bated at 4°C was subtracted from other determinations to ob-
tain energy-dependent uptake.

ATP/ADP

ATP and ADP in the cultured cells were measured using
the Bioluminescent somatic cell assay kit for ATP from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). The chemi-
luminescence signal was monitored in a luminometer (St.
John’s Associates, Inc., Beltsville, MD, U.S.A.). ATP was
measured according to the manufacturer’s protocol supplied
with the kit. After reaction and removal of ATP to AMP by lu-
ciferen/luciferase, the photometer was rezeroed until a new
stable baseline was reached. Phosphoenolpyruvate (final con-
centration, 0.5 mM) plus pyruvate kinase (2 U/assay) was
then injected into the assay mix to generate ATP from remain-
ing ADP in the cell lysates. The second increase in chemilu-
minescence representing ADP was recorded. Quantitation
was by comparison with standard curves for ATP and ADP.
The standard curve for ADP was generated in the presence of
9.5 uM ATP.

Lactate

The rate of lactate production was measured as described
previously (54) following the reduction of NAD spectropho-
tometrically using lactate dehydrogenase.

Immunocytochemistry and cell counts

Cultures were immunostained for either tyrosine hydroxy-
lase (TH) or neuron-specific enolase (NSE) using a mouse
monoclonal anti-TH antibody (1:6,000; Diasorin Inc., Still-
water, MN, U.S.A.) or rabbit polyclonal anti-NSE antibody
(undiluted; Oncogene, Cambridge, MA, U.S.A.). The Elite
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Avidin, Biotin Peroxidase Vectastain Kit (Vector Labora-
tories, Burlingame, CA, U.S.A.) and diaminobenzidine were
used for visualization. Cell counting was carried out as
previously described (55). Counts from 60 1-mm? fields from
three separate experiments, run in duplicate, were averaged
and reported as mean counts per square millimeter + SEM.

Proteasomal function

Cultured cells were examined for chymotrypsin-like and
post acidic-like protease (PAP) activities with modifications
to the procedure of Keller et al. (21). Cells were lysed in 50
mM Tris buffer, | mM EDTA, pH 7.5, containing 0.1% Triton
X-100. The chymotrypsin-like substrate suc-leu-leu-val-tyr-
aminomethylcoumarin (AMC) (75 uM) or PAP substrate z-
leu-leu-glu-AMC (75 uM) was added to a well, and fluores-
cence was continuously monitored every 5 min for 1 h at
37°C using 380-nm excitation and 460-nm emission pairing
in a Cytofluor 4000 microplate reader (PerSeptive Biosys-
tems, Framingham, MA, U.S.A.). Activity was determined
from linear reaction rates and expressed as AMC generated
per minute per well. Background was determined in lysates
preincubated with the pan-proteasomal inhibitor lactacystin
(10 uM). No rate change was observed in the presence of lac-
tacystin, indicating that the increase in fluorescence over time
was due to proteasomal cleavage of AMC.

Western blotting

Cells from culture wells were harvested by scraping and
placing in buffer containing 10 mM HEPES, 2 mM EGTA,
2 mM EDTA plus 0.2 mM phenylmethylsulfonyl fluoride, 25
wl/ml protease inhibitor cocktail mix (Sigma), 1 mM dithio-
threitol, and 0.1% Triton X-100, pH 7.4. Samples were left
on ice for 15 min, sonicated, and the lysates frozen until
used for sodium dodecyl sulfate gel separation. Protein [50
g of whole cell homogenates (ubiquitin) or 50 ug of cell
supernatant (E1)] was prepared in sample buffer containing
6 mM Tris, 1.7% sodium dodecyl sulfate, 5% glycerol, 0.1 M
dithiothreitol, and 2% bromophenol blue. Protein samples
were loaded onto precast polyacrylamide gels (Bio-Rad,
Hercules, CA, U.S.A.) (10-20% discontinuous gel for ubiq-
uitin and 7.5% for E1) and separated by running at 200 V for
55 min. Proteins from the gel were transferred to nitrocellu-
lose using a Panther Semidry Electroblotter (OWL Separa-
tion System). The nitrocellulose was exposed to either rabbit
polyclonal anti-ubiquitin antibody (1:500; Dako, Carpinte-
ria, CA, U.S.A.) or rabbit polyclonal anti-ubiquitin activat-
ing enzyme E1A/E1B antibody (1:2,000; Calbiochem, San
Diego, CA, U.S.A.) overnight at 4°C, followed by incubation
with the appropriate horseradish peroxidase-conjugated im-
munoglobulin (Amersham Life Sciences) for 1 h. Visualiza-
tion was by chemiluminescence using a Western Lightning
Kit (PerkinElmer, Life Sciences, Boston, MA, U.S.A.) and
exposure to x-ray film.

Reactive oxygen species (ROS) measurement

Cells in culture were loaded with 5 uM dichlorofluorescin
diacetate (DCF) (Molecular Probes, Eugene, OR, U.S.A.) for
30 min and washed, and 0.5 ml of HEPES-buffered balanced
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salt solution (see high-affinity uptake buffer) was added to
each well along with various agents to be tested. Fluores-
cence intensity, (485 nm_ /530 nm_ ), which is directly pro-
portional to ROS content, was analyzed over the course of 30
min of exposure at 37°C using a CytoFluor multiwell plate
reader (Series 4000, PerSeptive Biosystems).

Protein

Protein content for gels was determined using the Bio-Rad
reagent. All other protein measurements were determined
using the method of Lowry et al. (27).

Statistics

Test for significance was carried out by ANOVA with
Tukey post-hoc treatment. A p value of <0.05 was considered
statistically significant.

RESULTS

Selective dopamine cell vulnerability is
observed with chronic, low-dose, but not acute,
high-dose rotenone exposure

Mesencephalic cultures were exposed to 10-500 nM
rotenone on days 1-9 in vitro. After rotenone removal, cul-
tures were allowed to recover for 3 days and toxicity was
assessed. As shown in Fig. 1, low-dose, chronic rotenone
exposure produced a selective and dose-dependent toxicity
to mesencephalic dopamine neurons at concentrations of
rotenone from 10 to 50 nM. Consistent with loss of dopamine
high-affinity uptake as an index of toxicity, a selective and
dose-dependent loss of TH-positive neurons was also ob-
served (Table 1). Toxicity to the other mesencephalic popula-
tions as observed by loss of high-affinity GABA transport
(Fig. 1) or counts of total neurons (Table 1) was not observed
until rotenone exposures reached =100 nM. At 100 nM
rotenone, loss of dopamine and GABA uptake was 92.5 and
20%, respectively. At the highest concentration of rotenone
tested (500 nM, 8 days), there was complete killing of all the
cells in the culture. It was found that rotenone from different
sources showed different potencies with regard to affects on
toxicity and ATP levels. Rotenone from Sigma Chemical Co.
was found to be more potent than that from Calbiochem or
ICN (data not shown); thus, the same lot of rotenone from
Sigma was used for all experiments in this study.

Exposure to 500 nM rotenone for 8 days resulted in the
complete and nonselective loss of all cells in the culture. It is
possible that at shorter times of exposure to a high concentra-
tion of rotenone, selective loss of dopamine neurons would be
observed. Cultures were, therefore, exposed to 500 nM
rotenone for various times between 30 min and 24 h, allowed
to recover for 3 days, and toxicity was examined (Fig. 2). Tox-
icity to dopamine and GABA mesencephalic neurons was
similar at all times of exposure to high-dose rotenone. Signif-
icant toxicity to both the dopamine and GABA population
was found beginning with 1 h of exposure and increased with
increasing time of exposure. To examine the window of expo-
sure required to produce toxicity to dopamine neurons with
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FIG. 1. Dose effects of chronic rotenone on toxicity of mes-
encephalic dopamine and GABA neurons. Mesencephalic cul-
tures were treated with various concentrations of rotenone for 8
days in vitro and allowed to recover 3 days before monitoring of
toxicity to the dopamine and GABA neurons as determined by
measurement of the high-affinity uptake of 3H-labeled dopamine
(DA) and !4C-labeled GABA. Consistent with cell counts (Table
1), selective toxicity to dopamine neurons was observed at the
lower concentrations of rotenone. The data are from three or four
separate experiments run in duplicate. *Significantly different
from zero rotenone.

TaBLE 1. TH- AND NSE-PosiTivE CELL COUNTS
TH-positive NSE-positive
Condition cells/mm? + SD cells/mm? + SD
Control 19.18+2.3 582 +£54.4
Rotenone
25 nM 17.85+2.5 564 +£18
37.5nM 15.0+£2.3* 593 £47.5
50 nM 12.1 £0.9* 598 £107
100 nM 2.6 £0.6* 458 £ 71*

Exposure to various concentrations of rotenone was carried
out in mesencephalic cultures from days 1-9 in vitro. Follow-
ing 3 days of recovery in toxin-free medium, the cultures were
examined for TH immunoreactivity. Total neurons in the cul-
ture were determined from counts of NSE-positive cells. Cell
counting was as described in Materials and Methods. Results
are from three separate experiments run in duplicate.

*Different from control.
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FIG. 2. Effect of time of exposure to high-dose rotenone on
mesencephalic dopamine and GABA toxicity. Mesencephalic
cultures were treated with 500 nM rotenone for 0.5-24 h, then al-
lowed to recover for 3 days before toxicity was determined as de-
scribed in the legend to Fig. 1. Selective toxicity to mesencephalic
dopamine neurons was not observed with exposure to high
rotenone concentration. The data are from three experiments run
in duplicate. *Significantly different from zero rotenone control.
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FIG. 3. Effect of time of exposure to low-dose rotenone on
mesencephalic dopamine and GABA toxicity. To examine
the time window of exposure for toxicity and progression of
damage with chronic low-dose rotenone, cultures were exposed
to 50 nM rotenone for 2, 4, or 8 days in vitro, and toxicity was
determined following a 3-day recovery period. The data are
from three experiments run in duplicate. *Denotes significant
difference from zero rotenone cultures.
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low-dose, chronic rotenone, cultures were exposed to 50 nM
rotenone for 2, 4, or 8 days. Exposures were initiated such
that all exposures were concluded on day 9 in vitro, followed
by 3 days of recovery prior to simultaneous measurement of
dopamine and GABA high-affinity transport on day 12 in
vitro (Fig. 3). Exposure to 50 nM rotenone for 48 h did not
produce toxicity. At 4 and 8 days of exposure, there was pro-
gressive toxicity to the dopamine population (28 and 60%
loss of dopamine uptake at 4 and 8 days, respectively). Con-
sistent with findings shown in Fig. 1, the GABA population
was unaffected by 50 nM rotenone.

Energy status during chronic, low-dose and acute,
high-dose rotenone

Rotenone has been shown in vivo to inhibit complex I non-
selectively throughout the brain (2). Our finding of differing
effects of chronic, low-dose versus acute, high-dose rotenone
exposure on dopamine cell vulnerability, coupled with the
nonselective actions of rotenone as a general complex I in-
hibitor, suggested that the sensitivity of dopamine neurons to
rotenone may not be related to its effects on energy metabo-
lism. To examine this, cultures were exposed to either chronic
rotenone at a concentration that produced a selective and
minimal toxicity to dopamine neurons or to acute high-dose
rotenone that produced nonselective damage to all cells, and
the effects on ATP and ADP levels were measured following
different times of exposure (Table 2). As with the other stud-
ies, exposures were initiated such that all exposures were
concluded on day 9 in vitro. Thus, ATP and ADP values in
treated cultures were compared with control cultures at 9
days in vitro. Exposure to 37.5 nM rotenone for 1, 4, or 8 days
produced modest effects on energy status that were main-
tained over time in culture (Table 2). ATP levels dropped 7,
21, and 24% of control and ADP levels rose 155, 188, and
177% of control at 1, 4, and 8 days of exposure, respectively.
The ATP/ADP ratio, which is thermodynamically important
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in determining the free energy available to drive cellular pro-
cesses, decreased and was maintained at 41-44% of control.
In contrast, 500 nM rotenone produced dramatic effects on
energy parameters with an ~50% loss of ATP, 6.4-fold in-
crease in ADP, and collapse of the ATP/ADP ratio to <10% of
control during 6 h of exposure. Mitochondrial complex I ac-
tivity could not be directly measured from the primary cul-
tures due to lack of sufficient material for analysis. There-
fore, lactate production was used as another approach to
monitor the effects of rotenone on aerobic metabolism. The
rate of lactate formation was accelerated at all concentrations
of rotenone between 5 and 500 nM with an increasing rate of
production observed with elevating rotenone concentration
(Fig. 4). The rate of lactate production in controls was 23
nmol/well/h. These findings indicate that at 5 nM rotenone
and above there was a partial and incremental inhibition of
complex I. Consistent with this, the loss of ATP in cultures
incubated with 5-500 nM rotenone for 30 min in the absence
of glucose was greatly accelerated as compared with ATP loss
in the presence of glucose (Fig. 5).

Differing effects of chronic, low-dose
and acute, high-dose rotenone on the
ubiquitin proteasomal pathway

Both low-dose (37.5 nM) and high dose (500 nM)
rotenone increased ROS production as determined by moni-
toring DCF fluorescence (Fig. 6), likely leading to oxidative
damage. The ubiquitin proteasomal pathway is a major path-
way for clearing of oxidatively damaged, short-lived, or mis-
folded proteins from the cell (6, 15, 42). Several steps in the
pathway require ATP. It was, therefore, reasoned that acute,
high-dose versus chronic, low-dose rotenone may have differ-
ent effects on protein ubiquitination and degradation. To ex-
amine this, cultures were treated with either 50 nM rotenone
for 6 h to 8 days in vitro or 500 nM rotenone for 30 min to 6 h,

TABLE 2. EFFECT OF ACUTE AND CHRONIC ROTENONE EXPOSURE ON ENERGY STATUS

ATP (nmol/mg + SD) ADP (nmol/mg + SD) ATP/ADP

Chronic rotenone: days of exposure

0 23.96 £3.59 249+0.42 9.70 £ 0.61

1 22.26 £2.65 3.86 +0.08* 5.80 +£0.65%

4 18.83 £ 1.86* 4.69 = 0.30* 4.00 +£0.47*

8 18.12 £2.37* 4.40+0.31* 4.10 £ 0.68*
Acute rotenone: hours of exposure

0 2943 +4.15 3.56+1.18 8.25+0.49

0.5 22.60 +2.98* 8.62 +2.80* 2.62 +0.60%*

1 20.00 £ 0.86* 15.80 £4.01* 1.26 £0.28*

3 17.90 £ 3.02* 18.62 £9.42* 0.96 = 0.62*

6 15.30 £3.53* 22.80 + 8.64* 0.67 £ 0.42%

Cultures were treated with 37.5 nM rotenone for 1, 4, or 8 days or 500 nM rotenone for 0.5—-6 h in vitro. Exposures were initi-
ated so that all exposures were terminated on day 9 in vitro. ATP and ADP were measured immediately following exposures using
a luciferin/luciferase-generated chemiluminescence as described in Materials and Methods. Data are from three separate experi-
ments for 37.5 nM rotenone and four separate experiments for 500 nM rotenone, with each parameter run in duplicate.

*Different from 9 days in vitro rotenone control.
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FIG. 4. Rate of lactate production during exposure to var-
ious concentrations of rotenone. The rate of lactate formation
was determined using an enzyme-based assay as described in
Materials and Methods. Lactate levels were determined at 3
and 6 h of exposure to rotenone and calculated as the fold-
change in the rate of product formed per hour as compared
with controls. The data are from three experiments run in dupli-
cate. *Significantly different from control.
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FIG.5. ATP levels in rotenone treated cultures in the pres-
ence or absence of glucose. ATP levels were determined in
mesencephalic cultures incubated for 45 min in a bicarbonate-
buffered Krebs—Ringer (KRB) with or without 5.5. mM glu-
cose. After an initial 15-min preincubation, rotenone was
added to the cultures at the indicated concentrations. ATP was
measured using a luciferin/luciferase-based assay as described
in Materials and Methods. The data are from three determina-
tions run in duplicate.
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FIG. 6. ROS production during exposure to different con-
centrations of rotenone. Mesencephalic cultures were treated
with various concentrations of rotenone after cells were loaded
with the free radical-sensitive probe, DCF (5 uM, 30 min). Free
radical generation as monitored by oxidation of the dye was
measured every 2.5 min for 30 min using a fluorescent mi-
croplate reader as described in Materials and Methods. The
data are from three experiments run in duplicate.

and levels of high-molecular-weight ubiquitinated proteins
and ubiquitin-activating enzyme E1 were examined by west-
ern blots. Chronic exposure to 50 nM rotenone produced a
gradual increase in the accumulation of ubiquitinated pro-
teins by 4 days of exposure (Fig. 7). Total E1 protein (117-
kDa band) (Fig. 7) was also found to be elevated at 4 and 8
days of exposure. At these latter time points of rotenone ex-
posure, a second El-positive band was found at 126 kDa.
This upper band could be eliminated by treatment of the sam-
ple with P-mercaptoethanol prior to electrophoresis and
likely represents the activated El-ubiquitin complex that is
formed by a thiol-ester linkage. Despite the large generation
of ROS produced by 500 nM rotenone (Fig. 6), acute, high-
dose rotenone, in contrast with chronic, low-dose rotenone,
neither elevated the accumulation of ubiquitinated proteins
nor increased E1 protein or activation (Fig. 8). Because of ex-
tensive cell loss at 500 nM rotenone, time points longer than 6
h were not followed.

To determine if the buildup of high-molecular-weight ubiq-
uitinated proteins was due to loss of proteasomal activity,
proteasomal function was examined by measuring chy-
motrypsin-like and PAP-like activities in cultures treated with
either 37.5 nM rotenone for 1, 4, or 8 days or 500 nM
rotenone for 0.5, 1, 3, or 6 h (Fig. 9). In chronic rotenone-
treated cultures, chymotrypsin-like activity was significantly
elevated at 1, 4, and 8 days of exposure. PAP activity was also
increased with statistical significance observed at 4 days of
exposure. In sharp contrast, under conditions of high-dose
rotenone, chymotrypsin-like and PAP activities remained un-
changed from control at all times of exposure (Fig. 9B).
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FIG. 7. E1 activation of ubiquitin and accumulation of
high-molecular-weight ubiquitinated proteins during
chronic exposure to low-dose rotenone. Western blots of E1
protein and high-molecular-weight ubiquitinated (Ub) proteins
from cultures treated with 50 nM rotenone for various times in
vitro are presented. Experiments were performed twice with
similar results. The intensity of the E1 band at 117 kDa in-
creased with time of rotenone exposure (top blot). At 4 and 8
days of rotenone treatment, a second El-positive band was
found at 126 kDa. This band could be eliminated by treatment
of the sample with B-mercaptoethanol (BME) prior to running
of the gel (middle blot). High-molecular-weight ubiquitin-pos-
itive proteins increased with increasing time of rotenone expo-
sure (bottom blot). Arrowhead denotes a nonspecific band to
demonstrate uniformity in loading of the gel.

DISCUSSION

The present study characterized energy status in neurons
treated with various concentrations and exposure times of the
complex I inhibitor rotenone and determined its relation to
ubiquitin proteasomal function and dopamine cell loss. Mito-
chondrial dysfunction has been identified in idiopathic PD
(38, 44). Epidemiological studies suggest that exposure to en-
vironmental agents likely plays a role in the etiology of PD
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FIG. 8. E1 and ubiquitinated proteins during acute expo-
sure to high-dose rotenone. Western blots of E1 protein and
high-molecular-weight ubiquitin (Ub)-reactive proteins from
cultures treated with 500 nM rotenone for 0.5-6 h are pre-
sented. Experiments were performed twice with similar results.
Neither E1 protein nor ubiquitinated proteins were found to be
increased with exposure to a high concentration of rotenone at
times that preceded toxicity.

(50). Among high-risk factors are exposure to herbicides and
pesticides, some of which are mitochondrial poisons (24, 41).
Supporting a role for environmentally induced mitochondrial
dysfunction in PD were cases of acute-onset parkinsonism
caused by exposure to the merperidine analogue MPTP (22).
1-Methyl-4-phenylpyridinium (MPP*), the toxic metabolite
of MPTP, is an inhibitor of complex I (36). Acute exposure to
a variety of mitochondrial inhibitors, including MPTP/MPP+
(12, 23, 28) and rotenone (1, 4, 26), has been shown to pro-
duce dopamine cell loss characteristic of PD, but has not
replicated the protein aggregation or inclusion body forma-
tion that is the histological hallmark of the disease. More re-
cent models of chronic exposure to low concentrations of the
complex I inhibitor rotenone in vivo (2, 46) and in vitro (45)
demonstrated toxicity to dopamine neurons or neuroblastoma
cells with accompanying accumulation of protein aggregates.
Concentrations of rotenone that produced toxicity were spec-
ulated to occur independent of effects on mitochondrial res-
piration. In support of this, rotenone titration in isolated
mitochondrial preparations showed little effect on oxygen
consumption at rotenone concentrations estimated to be pres-
ent in brain or cell lines (2, 45). Extrapolation of the effects
of a single application of rotenone in isolated mitochondria to
whole cells that receive continuous or multiple applications
of rotenone is difficult, however, as cumulative effects are not


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2005.7.662&iName=master.img-000.jpg&w=142&h=161
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2005.7.662&iName=master.img-004.jpg&w=136&h=165

ROTENONE, ENERGY STATUS, AND PROTEASOMAL FUNCTION

A

175 - —= Chymotrypsin-like
-« PAP-like
c 1501
>E ~
=
238
S E {125/
< = H
5279
- =
ESE
880 100!
D = u= L
54806
F2®
a5
o 751
50

o 1 2 3 4 5 6 7 8 9
Time (days)

1757
-& Chymotrypsin-like
- PAP-like

150 1

125 4

Proteasomal Activity
Rate product formed/min
(% of Control £ sem)

Time (hours)

FIG. 9. Proteasomal activity during (A) chronic, low-dose
and (B) acute, high-dose exposure to rotemone. Mesen-
cephalic cultures were treated with (A) 37.5 nM rotenone or
(B) 500 nM rotenone for the indicated times, and proteasomal
chymotrypsin-like and PAP-like activities were determined by
following the cleavage of an AMC-linked substrate as de-
scribed in Materials and Methods. The data are from three ex-
periments run in duplicate. *Different from same age cultures
that were not exposed to rotenone.

taken into account. This is particularly pertinent to rotenone
given its lipophilic nature and slow dissociation rate from com-
plex I. Thus, the issue of ATP/ADP status during rotenone ex-
posure in relation to toxicity and protein aggregation has not
been clearly defined, but is important to an understanding of
complex I impairment and dopamine cell damage.
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The findings show that when ATP/ADP status was main-
tained at ~40% of basal levels, there was progressive and se-
lective toxicity to mesencephalic dopamine neurons that was
preceded by accumulation of high-molecular-weight ubiquiti-
nated proteins and activation of the ubiquitin proteosomal
pathway. In contrast, a high concentration of rotenone sharply
reduced energy status, killed mesencephalic neurons nonse-
lectively, and did not result in increased levels of ubiquiti-
nated proteins prior to cell death. Both chronic, low-dose and
acute, high-dose rotenone exposure resulted in modest to
moderate effects on ATP levels (20-25% loss at 4 and § days
of exposure with 37.5 nM rotenone versus 40—48% loss with
500 nM rotenone at 3 and 6 h of exposure). ATP levels per se,
however, are not predictive of the energy available to carry
out energy-dependent processes (35). As ATP and ADP ap-
proach equilibrium, there is less capacity for energy transfer
(35). Thus, with 500 nM rotenone exposure, even though ATP
levels were somewhat maintained at 3 and 6 h, the drop in en-
ergy charge to <10% of basal would not be sufficient to sup-
port energy-requiring functions.

One ATP-dependent process relevant to neurodegeneration
is the ubiquitin proteasomal pathway, a major pathway for
the clearance of damaged proteins from the cell. Ubiquitin-
positive protein aggregation has been observed in a number
of neurodegenerative diseases (51). Protein ubiquitination
and clearance require several ATP-dependent steps, one in-
volving the first step in the pathway, i.e., the activation of
ubiquitin by E1 enzyme via the formation of a high-energy
thiol ester intermediate (5, 19). The level of energy status
maintained with low-dose, chronic rotenone was sufficient
to support activation of ubiquitin for subsequent protein con-
jugation. In contrast, the rapid collapse of ATP/ADP with
more complete impairment of mitochondrial respiration by
acute, high-dose rotenone inhibited this process from occur-
ring as evidenced by the lack of E1 activation or increase in
ubiquitinated proteins.

Selective dopamine cell vulnerability to rotenone has been
reported by a number of laboratories (2, 4, 14, 29, 30, 46), but
see Hoglinger et al. (20). In the current study, however, the
selective toxicity of rotenone was only observed with chronic
exposures that partially maintained energy status. Although
this supports the proposal that the vulnerability of dopamine
neurons to chronic rotenone is not related to the effects of
rotenone on energy production, it also demonstrates that the
selectivity of damage occurs within a narrow range of rotenone
concentrations. Thus, this could be a contributing factor for
the different findings regarding the selectivity of effects of
rotenone found in the literature. One widely held hypothesis
for this selective vulnerability is that dopamine neurons are
more sensitive to free radical damage promoted by complex I
impairment by rotenone. Evidence supports free radical pro-
duction by rotenone (18, 26) (see Fig. 6) and free radical
damage to cells exposed to rotenone (1, 45). Previous work
by our laboratory (34) indicates that loss of dopamine homeo-
stasis through impaired vesicular storage and increased cy-
tosolic dopamine contributes to the vulnerability of dopamine
neurons during mitochondrial impairment. Cytosolic dopa-
mine unprotected by vesicular sequestration can be oxidized
enzymatically or nonenzymatically to produce an oxidative
burden that, coupled with ROS production by rotenone, may
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overwhelm the cell’s antioxidant capacity, leading to degener-
ation.

The accumulation of high-molecular-weight ubiquitinated
proteins during chronic rotenone exposure is consistent with
ongoing oxidative damage occurring with rotenone as many
oxidatively damaged proteins are targeted by ubiquitination
and clearance via the ubiquitin proteasomal pathway (15, 37,
42). Proteasomal activity significantly increased during
chronic rotenone exposure. This finding, coupled with the
other observed effects on the ubiquitin pathway, suggests a
sequela of events during chronic rotenone exposure that in-
cludes an increase in oxidatively damaged proteins to trigger
increased expression of E1, increased activation of ubiquitin
by E1, and an up-regulation of proteasomal activities in an ef-
fort to keep pace with damaged proteins. The accumulation of
high-molecular-weight ubiquitinated proteins by 4 days of
exposure to rotenone, despite the enhancement of ubiquitin
proteasomal function, indicates that the production of dam-
aged proteins exceeds the capacity of the cell to remove them.
It should be noted that proteasomal activities monitor ATP-
independent activity. It is, therefore, possible that in situ, ATP
levels, although sufficient to maintain El-ubiquitin activa-
tion, are insufficient to supply the 6-ATPases associated with
the proteasome that are needed to promote entry of the pro-
tein into the core of the proteasome. Also of note is that, al-
though still significantly elevated, the decline in proteasomal
activities between 4 and 9 days of rotenone exposure further
suggests that ubiquitin-protein accumulation during chronic
mitochondrial impairment may ultimately result from an in-
crease in the rate of protein oxidation, as well as a decline in
ATP-independent proteasomal activities. A reduction in ATP-
independent proteasomal function has been reported in au-
topsied substantia nigra from PD patients (31). Notably, inhi-
bition of proteasomal function was reported to lead to ubiquitin
and a-synuclein labeled inclusions in PC12 cells (40),
whereas expression of the A53T mutant a-synuclein in PC12
cells led to loss of proteasomal activity and accumulation of
ubiquitinated cytoplasmic aggregates (49). How or if a de-
cline in ATP-dependent or-independent proteasomal function
is mechanistically involved in PD is not known at present.

The effects of rotenone on ATP production will be a func-
tion of the degree of inhibition of complex I, the threshold ef-
fect for inhibition of complex I on respiration (1, 7), and the
ability of cells to utilize glucose or aerobically metabolize
other substrates to supplement ATP production (1, 26). Neu-
rons cannot produce sufficient ATP solely on the anaerobic
metabolism of glucose (53); however, under conditions of en-
hanced activity (11, 13, 43) or partial deficits in aerobic me-
tabolism (8, 39), anaerobic glycolysis can help to maintain
ATP levels. The increase in the rate of lactate production via
anaerobic glycolysis has frequently been used to demonstrate
an inhibitory effect on aerobic respiration. In the mesen-
cephalic cells, 5-500 nM rotenone caused an incremental ele-
vation of lactate production, indicating that rotenone led to a
partial and increasing inhibition of complex I. ATP and ADP
assessment during short exposures to rotenone in the absence
of glucose as compared with its presence supported an in-
hibitory effect of rotenone on mitochondrial respiration at
concentrations that led to selective dopamine cell loss. The
selective toxicity to dopamine neurons by rotenone, however,
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required that the partial inhibition of complex I be carried out
under conditions where energy status could be maintained,
i.e., in the presence of other metabolizable substrates. In the
mesencephalic cultures, the maintenance of ATP levels was
supplemented, in part, by the metabolism of glucose to lactate
with both high- and low-dose rotenone. As complex I became
increasingly impaired, the rate of ATP production was ex-
ceeded by its hydrolysis and energy status could not be main-
tained. In contrast, at low concentrations of rotenone, energy
status could be partially sustained to support ATP-dependent
processes. Although this served to support the energy needs
of the cell and extend cell survival, it also likely contributed
to the ongoing oxidative damage to proteins, accumulation of
ubiquitinated proteins, and eventual cell loss.

In summary, our findings provide insight into the differing
effects of acute versus chronic mitochondrial inhibition on ac-
cumulation of high-molecular-weight proteins and neuronal
susceptibility. Maintenance of energy status was required for
ubiquitin protein accumulation and selective dopamine cell
loss during chronic exposure to low concentrations of rotenone,
whereas acute, high-dose rotenone did not support protein
ubiquitination and resulted in nonselective cell loss. Energy
status was partially maintained with low-dose rotenone despite
inhibition of mitochondrial respiration. Maintenance of ATP/
ADP was achieved by a balance between the degree of inhibi-
tion of mitochondrial respiration and the ability of the cell to
compensate through metabolism of alternative substrates.
Under such conditions, the ubiquitin proteasomal pathway
continued to function; however, the capacity to remove dam-
aged proteins was exceeded by the rate of their production. Ac-
cumulation of damaged proteins over time could contribute to
neuronal dysfunction and cell death. Strategies designed to
prevent this may be beneficial in slowing disease progression.
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