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Partial Mitochondrial Inhibition Causes Striatal Dopamine
Release Suppression and Medium Spiny Neuron
Depolarization via H2O2 Elevation, Not ATP Depletion
Li Bao, Marat V. Avshalumov, and Margaret E. Rice
Department of Physiology and Neuroscience and Department of Neurosurgery, New York University School of Medicine, New York, New York 10016

Mitochondrial dysfunction is a potential causal factor in Parkinson’s disease. We show here that acute exposure to the mitochondrial
complex I inhibitor rotenone (30 –100 nM; 30 min) causes concentration-dependent suppression of single-pulse evoked dopamine (DA)
release monitored in real time with carbon-fiber microelectrodes in guinea pig striatal slices, with no effect on DA content. Suppression
of DA release was prevented by the sulfonylurea glibenclamide, implicating ATP-sensitive K ⫹ (KATP ) channels; however, tissue ATP was
unaltered. Because KATP channels can be activated by hydrogen peroxide (H2O2 ), as well as by low ATP, we examined the involvement of
rotenone-enhanced H2O2 generation. Confirming an essential role for H2O2 , the inhibition of DA release by rotenone was prevented by
catalase, a peroxide-scavenging enzyme. Striatal H2O2 generation during rotenone exposure was examined in individual medium spiny
neurons using fluorescence imaging with dichlorofluorescein (DCF). An increase in intracellular H2O2 levels followed a similar time
course to that of DA release suppression and was accompanied by cell membrane depolarization, decreased input resistance, and
increased excitability. Extracellular catalase markedly attenuated the increase in DCF fluorescence and prevented rotenone-induced
effects on membrane properties; membrane changes were also largely prevented by flufenamic acid, a blocker of transient receptor
potential (TRP) channels. Thus, partial mitochondrial inhibition can cause functional DA denervation via H2O2 and KATP channels,
without DA or ATP depletion. Furthermore, amplified H2O2 levels and TRP channel activation in striatal spiny neurons indicate potential
sources of damage in these cells. Overall, these novel factors could contribute to parkinsonian motor deficits and neuronal degeneration
caused by mitochondrial dysfunction.
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Introduction
Parkinson’s disease is a neurodegenerative disorder that selectively targets dopamine (DA) neurons of the substantia nigra pars
compacta (SNc). Although the cause of degeneration of DA cells
and their axonal projection to the striatum is not yet understood,
postmortem samples from patients with Parkinson’s disease
show oxidative damage (Olanow and Tatton, 1999; Zhang et al.,
2000), implicating a causal role for oxidative stress. Mitochondrial dysfunction has been implicated as an important source of
this oxidative stress (Greenamyre et al., 2001; Orth and Schapira,
2002; Dauer and Przedborski, 2003; Dawson and Dawson, 2003;
Fiskum et al., 2003). Key evidence includes decreased activity of
mitochondrial complex I in the SNc and other tissues of Parkinson’s disease patients (Parker et al., 1989; Schapira et al., 1990)
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tein may underlie a familial form of early-onset Parkinson’s disease (Valente et al., 2004). Moreover, partial inhibition of complex I in isolated mitochondria or synaptosomes causes increased
production of reactive oxygen species (ROS), especially hydrogen
peroxide (H2O2) (Votyakova and Reynolds, 2001; Fonck and
Baudry, 2003; Sipos et al., 2003).
These observations have led to the development of a rodent
model of Parkinson’s disease based on chronic exposure to the
mitochondrial complex I inhibitor, rotenone (Betarbet et al.,
2000), which is a popular botanical pesticide that is harmless to
plants, but toxic to insects, fish, and mammals (Dauer and Przedborski, 2003; Greenamyre et al., 2003). Strikingly, CNS damage in
rotenone-treated rats occurs primarily in the basal ganglia and is
accompanied by parkinsonian motor deficits (Ferrante et al.,
1997; Betarbet et al., 2000; Höglinger et al., 2003; Sherer et al.,
2003a; Fleming et al., 2004), as well as ␣-synuclein- and
ubiquitin-containing inclusions that resemble cytopathological
features of Parkinson’s disease (Betarbet et al., 2000; Höglinger et
al., 2003; Sherer et al., 2003a). Although chronic, low-level rotenone exposure can cause loss of DA axons in striatum with subsequent retrograde degeneration of DA neurons in the SNc (Betarbet et al., 2000; Sherer et al., 2003a; Alam and Schmidt, 2004),
the losses are often minimal and accompanied by damage to
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other cells, including striatal medium spiny neurons (Ferrante et
al., 1997; Höglinger et al., 2003; Fleming et al., 2004).
In most animal models of Parkinson’s disease, ⬎80% DA neuron loss is typically required to produce motor symptoms (Zigmond et al., 1990), which raises the question of how rotenone
produces parkinsonian motor deficits with limited loss of nigrostriatal DA neurons. This paradox has led to the proposal that
rotenone-induced motor deficits result from multisystem degeneration (Höglinger et al., 2003). In contrast, recent studies indicate that these deficits can be reversed by the DA precursor
L-dihydroxyphenylalanine (L-DOPA) (Alam and Schmidt, 2004),
confirming that they are indeed DA dependent. Together, these
findings suggest that rotenone might cause a functional rather
than anatomical loss of DA transmission. Here, we show that
rotenone causes dynamic suppression of DA release from axon
terminals in the striatum as a consequence of H2O2 generation
and activation of ATP-sensitive K ⫹ (KATP) channels.

Materials and Methods
Brain slice preparation. All animal handing procedures were in accordance with National Institutes of Health guidelines and were approved
by the New York University School of Medicine Animal Care and Use
Committee. The procedure for preparing coronal slices of striatum was
similar to that described previously (Koós and Tepper, 1999). Young
adult guinea pigs (male Hartley; 150 –250 g) were deeply anesthetized
with 40 mg/kg pentobarbital (i.p.) and perfused transcardially with ⬃30
ml of nearly frozen (⬃0°C) modified artificial CSF (ACSF) at a rate of
⬃10 ml/min. The physiological saline used for perfusion and for preparing slices for whole-cell recording contained the following (in mM): 225
sucrose, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 28 NaHCO3, 1.25 NaH2P04, 7
glucose, 1 ascorbate, and 3 pyruvate (Koós and Tepper, 1999). After
perfusion, the brain was removed into this ice-cold solution for 1–2 min
and then bisected, and one hemisphere was blocked and fixed to the stage
of a Vibratome (Ted Pella, St. Louis, MO) for slice preparation. For
voltammetric recording and determination of DA, dihydroxyphenylacetic acid (DOPAC), and ATP contents, slices (400 m thickness) were
normally cut in ice-cold HEPES-buffered ACSF containing (in mM) 120
NaCl, 20 NaHCO3, 10 glucose, 6.7 HEPES acid, 5 KCl, 3.3 HEPES sodium salt, 2 CaCl2, and 2 MgSO4, saturated with 95% O2/5% CO2, and
maintained in this medium at room temperature for at least 1 h after
cutting (Chen and Rice, 2001; Avshalumov and Rice, 2003; Avshalumov
et al., 2003). For imaging and whole-cell recording, slices (300 m thickness) were initially transferred to a chamber maintained at 34°C for 30
min in a solution containing the following (in mM): 125 NaCl, 2.5 KCl, 2
CaCl2, 1 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 1 ascorbate,
and 3 pyruvate, pH 7.3–7.4, equilibrated with 95% O2/5% CO2. The
chamber was then allowed to cool to room temperature during an additional period of at least 30 min before recording. In some experiments,
the effect of rotenone on evoked DA release was examined in slices prepared and maintained for whole-cell recording; results were indistinguishable between slice preparations such that data from both were
pooled in reported averages. All experiments were conducted at 32°C in
submerged slices superfused at 1.2 ml/min with recording ACSF containing the following (in mM): 124 NaCl, 3.7 KCl, 26 NaHCO3, 2.4 CaCl2, 1.3
MgSO4, 1.3 KH2PO4, and 10 glucose, equilibrated with 95% O2/5% CO2.
Voltammetric recording. Axon-terminal DA release was elicited in dorsolateral striatum using a bipolar stimulating electrode placed on the slice
surface and detected at a carbon fiber microelectrode positioned ⬃100
m dorsal to the bipolar electrode (Chen and Rice, 2001; Avshalumov et
al., 2003). The stimulus was either a single pulse or a 30 pulse train at 10
Hz; the pulse duration was 100 s. Stimulus intensity (0.6 – 0.9 mA) was
perimaximal for single-pulse evoked release (Cragg, 2003; Rice and
Cragg, 2004). Under these conditions, DA release is tetrodotoxin sensitive and Ca 2⫹ dependent (Chen and Rice, 2001). Evoked DA release was
monitored using fast-scan cyclic voltammetry (Millar Voltammeter; Dr.
Julian Millar, Queen Mary, University of London, London, UK) with 8
m carbon fiber microelectrodes (2– 4 m tips) (MPB Electrodes, Lon-
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don, UK; or WPI, Sarasota, FL). Scan rate was 800 V/s, voltage range was
⫺0.7 to ⫹1.3 V versus Ag/AgCl, and sampling interval was 100 ms. Data
acquisition and analysis were as described previously (Chen and Rice,
2001). Released DA was identified by characteristic oxidation and reduction peak potentials (see Fig. 1 A); extracellular DA concentration
([DA]o) was calculated from postexperimental electrode calibration in
the recording chamber at 32°C in all media used in a given experiment
(e.g., ACSF and ACSF plus rotenone).
HPLC analysis of tissue DA and DOPAC contents. In separate experiments, striatal DA and DOPAC contents were determined in slices exposed to 50 nM rotenone for 30 min; the paired control for each sample
was from the contralateral striatum maintained in ACSF in the recording
chamber under otherwise-identical conditions. Incubation conditions
paralleled those for voltammetric recording studies, with 60 min in the
recording chamber in ACSF at 32°C (corresponding to 30 min equilibration plus 30 min control recording), followed by 30 min exposure to
rotenone or continued incubation in ACSF alone. After incubation, excess solution was carefully removed from a given slice and a sample of
dorsal striatum (3–10 mg) was taken, weighed, frozen on dry ice, and
then stored at ⫺80°C until analysis. On the day of analysis, samples were
diluted 1:10 with ice-cold, deoxygenated HPLC eluent, sonicated, and
spun in a microcentrifuge for 2 min at 14,000 ⫻ g, and the supernatant
was injected directly into the HPLC system as described previously (Chen
et al., 2001). The mobile phase was 50 mM NaH2PO4, with 3 m/L sodium
octylsulfate, 23.2 mg/L heptanesulfonic acid, 8 mg/L EDTA, and 10%
methanol, pH 3 (Witkovsky et al., 1993); the electrochemical detector
was a glassy carbon electrode set at ⫹0.7 V versus Ag/AgCl. Tissue DA
and DOPAC content data are given as micromoles per gram tissue wet
weight (micromoles per gram).
Determination of striatal ATP content. Striatal ATP content in incubated brain slices was determined in separate experiments using a TD20/20 Luminometer (Turner Biosystems, Sunnyvale, CA) with an Enlighten ATP assay kit (Promega, Madison, WI). This method is based on
the luciferase-catalyzed reaction of ATP with luciferin with light emission at 560 nm. Pilot experiments indicated that tissue ATP content was
lower in frozen tissue samples than in unfrozen tissue, so that in all
subsequent studies ATP content was determined in unfrozen tissue samples immediately after incubation. Test slices were superfused with ACSF
at 32°C in the recording chamber for 60 min, and then with 50 nM
rotenone for an additional 5, 10, 20, or 30 min or with 100 nM rotenone
or ACSF containing 1 mM glucose for 30 min; paired control slices from
the contralateral striatum were maintained in normal ACSF for the same
time periods as test slices. After incubation, samples of dorsal striatum
(3– 8 mg) were weighed in microcentrifuge vials and then sonicated immediately in 5% trichloracetic acid (100-fold dilution; i.e., 99 l/mg
tissue) to stop ATP degradation. Sonicated samples were centrifuged for
2 min at 14,000 ⫻ g; the supernatant was diluted 1000-fold in PBS, pH
7.75, and then mixed with assay kit reagents according to the manufacturer’s instructions. Tissue ATP content (micromoles per gram of tissue
wet weight) was determined from standard curves prepared immediately
before each analysis; similar curves were obtained with ATP standards
prepared from stock solutions included in the Enlighten kit and from
stock solutions made in-house using commercially available ATP
(Sigma, St. Louis, MO).
Visualized whole-cell recording. Striatal cells were visualized under infrared differential interference contrast microscopy using an Olympus
BX51WI fixed-stage microscope (New York/New Jersey Scientific,
Middlebush, NJ) with a 40⫻ water immersion objective; a Pro-Scan 11
z-axis controller (Prior Scientific, Rockland, MA) was used to sharpen
focus for fluorescence imaging. Whole-cell recordings were obtained
with patch pipettes pulled from 1.5/0.86 mm outer/inner diameter borosilicate glass (Sutter Instrument, Novato, CA) on a Flaming/Brown
model P-97 puller (Sutter Instrument). Pipettes had open tip diameters
of ⬍2 m and resistances of 5–7 M⍀. The intracellular solution contained the following (in mM): 120 K-gluconate, 20 KCl, 2 MgCl, 10 NaHEPES, 10 EGTA, 3 Na2-ATP, 0.2 GTP, pH adjusted to 7.2–7.3 with
KOH, 280 –290 mOsm (Koós and Tepper, 1999). This backfill solution
also contained Alexa Red (0.1%) for cell visualization and 2⬘,7⬘-
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dihydrodichloro-fluorescein (H2DCF) diacetate (H2DCFDA) (7 M) for
H2O2 imaging (Avshalumov et al., 2005).
Cell input resistance was calculated from the current–voltage plot of a
family of hyperpolarizing and depolarizing current pulses; measurements were taken 300 ms after pulse onset at the same membrane potential (⫺90 mV) for each neuron under control and experimental conditions (Nisenbaum and Wilson, 1995). In some experiments, the time
course of rotenone-induced changes in input resistance was determined
from current injection pulses (⫺0.1 nA; 1 s) applied under control conditions and throughout rotenone application. Whole-cell recording data
were acquired using an Axopatch 200B amplifier and Digidata board
1322A controlled by Clampex 9.0 (Molecular Devices, Union City, CA),
with ClampFit software (Molecular Devices) used for data analysis; recordings were corrected for a liquid junction potential using a value of 7.2
mV calculated using Clampex.
H2O2 imaging. To image intracellular ROS, H2DCFDA was loaded
into individual medium spiny neurons via the patch pipette used for
simultaneous physiological recording. This peroxide-selective dye is
cleaved by intracellular esterases to form H2DCF, which becomes fluorescent dichlorofluorescein (DCF) after oxidation by H2O2 or other ROS
(Reynolds and Hastings, 1995; Sah and Schwartz-Bloom, 1999). Once
whole-cell configuration was obtained, cell physiology was monitored
for ⬃20 min to allow sufficient time for diffusion of the dye into the cell.
Data were acquired using a Cascade CCD camera (Roper Scientific, Tucson, AZ) and an illuminator and monochrometer from Photon Technology International (Lawrenceville, NJ) and were analyzed using Image
Master software version 1.5 (Photon Technology International). The
excitation wavelength used for DCF was 488 nm with fluorescence emission at 535 nm. To minimize DCF photooxidation, illumination was
limited to 800 ms exposures at 1.2 s intervals with two-frame averaging. A
background image was taken before H2DCFDA infiltrated a given cell; in
subsequent analysis, this background image was subtracted from each
averaged image for that cell. Fluorescence intensity for 535 nm emission
in these background-subtracted frame averages was normalized; average
data are presented as follows: [(intensity ⫺ basal)/(basal)] ⫻ 100%.
Chemicals and statistical analysis. Rotenone, glibenclamide, tolbutamide, flufenamic acid, tetrodotoxin (TTX), and dimethylsulfoxide
(DMSO), as well as components of ACSF and the intracellular recording
solution were from Sigma. Catalase (bovine liver) was from Calbiochem
(La Jolla, CA). Alexa Red and H2DCFDA were from Invitrogen (Eugene,
OR). Individual stock solutions of rotenone, glibenclamide, flufenamic
acid, and H2DCFDA, were made in DMSO to yield a final DMSO level of
0.01% in ACSF or in the recording pipette. Control data for these agents
were obtained in 0.01% DMSO in appropriate media, which had no
effect on any measured parameter.
Data are given as means ⫾ SE; n ⫽ number of slices for DA release,
ATP, DA, and DOPAC content data and number of cells for electrophysiology and imaging data. Statistical analyses of these data were performed
using paired or unpaired Student’s t test as appropriate, with one-way
ANOVA with Dunnett’s post hoc analysis used to evaluate progressive
changes in evoked [DA]o, DCF fluorescence intensity, or medium spiny
neuron membrane properties during rotenone exposure versus control;
differences were considered significant for p ⬍ 0.05. For voltammetric
recording, at least three consistent control records were obtained before
drug or enzyme application. In studies with rotenone, exposure time was
usually limited to 30 min.

Results
Suppression of single-pulse evoked [DA]o by
nanomolar rotenone
Local stimulation in the striatum elicits the release of DA, as well
as other transmitters, including glutamate. We have previously
shown that concomitantly released glutamate acting at AMPA
receptors (AMPARs) can inhibit axonal DA release via generation of H2O2 and subsequent opening of KATP channels
(Avshalumov and Rice, 2003; Avshalumov et al., 2003). To reveal
glutamate-dependent regulation of DA release requires multiplepulse stimulation, in which initial pulses produce modulatory
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H2O2 that inhibits DA release evoked by subsequent pulses.
When a single stimulus pulse is used, however, DA release is free
from indirect modulation by AMPAR activation and endogenously generated H2O2 (Avshalumov et al., 2003).
In the present studies, therefore, we initially examined the
effect of rotenone on single-pulse evoked DA release (Fig. 1A) to
avoid confounding effects from glutamate release. Under control
conditions, average single-pulse evoked [DA]o was 1.09 ⫾ 0.04
M (n ⫽ 32), which was stable for at least 2 h when elicited at
stimulation intervals of either 2.5 or 5 min (data not shown).
When slices were subsequently exposed to 50 nM rotenone, which
is near the IC50 for mitochondrial complex I inhibition (Betarbet
et al., 2000; Votyakova and Reynolds, 2001), this mitochondrial
inhibitor caused an immediate decrease in evoked [DA]o that
reached significance within 5 min of rotenone superfusion ( p ⬍
0.05; n ⫽ 10) (Fig. 1 B). Evoked [DA]o decreased progressively
during continued rotenone exposure, with an average decrease of
32 ⫾ 3% versus same-site control ( p ⬍ 0.01; n ⫽ 10) after 30 min
in rotenone (Fig. 1 B). We then examined the concentration dependence of rotenone-induced DA release suppression for 30 nM
to 1 M rotenone; 30 nM was of interest because this is the concentration that Betarbet et al. (2000) estimated is maintained in
the brain in their studies of chronic low-dose rotenone exposure
in vivo. The initial response to 30 nM (n ⫽ 6) or 100 nM (n ⫽ 6)
rotenone was similar to that seen with 50 nM; however,
concentration-dependent release suppression was seen after 25
min in rotenone, with a significant difference in evoked [DA]o
between 30 nM and 50 or 100 nM and between 50 and 100 nM ( p ⬍
0.01 for each comparison; ANOVA) (Fig. 1C). Higher rotenone
concentrations (500 nM to 1 M) caused complete loss of evoked
DA release within minutes of exposure (data not shown); release
suppression was irreversible for all concentrations of rotenone
tested. Further mechanistic studies were conducted using 50 nM
rotenone.
Analysis of tissue DA content using HPLC showed that DA
levels in dorsal striatum were unaltered by acute, low-level rotenone exposure (50 nM; 30 min), with 0.43 ⫾ 0.04 mol/g tissue
wet weight in control slices and 0.42 ⫾ 0.06 mol/g in paired
slices after rotenone exposure ( p ⬎ 0.05; n ⫽ 6 slice pairs). In the
same slices, DOPAC content was 0.042 ⫾ 0.001 mol/g in controls and 0.042 ⫾ 0.006 mol/g after rotenone ( p ⬎ 0.05). Maintained DA and DOPAC contents indicate that decreased evoked
[DA]o in the presence of rotenone was not attributable to depletion of the releasable pool of DA and that release suppression was
not accompanied by profound changes in DA turnover within
this time frame.
DA release suppression by rotenone requires KATP channels
but not a decrease in ATP
Given that DA release can be inhibited by KATP channel opening
(Avshalumov and Rice, 2003) and that rotenone, as a mitochondrial inhibitor, can cause a decrease in ATP (Davey and Clark,
1996; Fonck and Baudry, 2003; Sherer et al., 2003b), we examined
whether the effect of rotenone on evoked [DA]o involved KATP
channels using the selective KATP channel blocker glibenclamide
(3 M) (Avshalumov and Rice, 2003; Avshalumov et al., 2005). In
contrast to the enhancement in pulse-train evoked [DA]o seen
when KATP channels are blocked in striatal slices (Avshalumov
and Rice, 2003; Avshalumov et al., 2003), glibenclamide (3 M)
had no effect on single-pulse evoked [DA]o, indicating the absence of basal KATP channel regulation of DA under control conditions (data not shown). In the continued presence of glibenclamide, however, the usual rotenone-induced suppression of
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Figure 1. Rotenone causes suppression of axonal DA release in dorsal striatum. A, Representative DA release records elicited by a single stimulus pulse under control conditions and after 30
min exposure to rotenone (50 nM) at the same recording site. Inset, Cyclic voltammograms
taken at the maximum [DA]o for each record; dopamine was identified by characteristic oxidation (Ox) and reduction (Red) peak potentials (typically ⫹600 and ⫺200 mV vs Ag/AgCl). B,
Time course of rotenone-induced suppression of single-pulse evoked [DA]o elicited at 2.5 min
intervals throughout rotenone exposure (n ⫽ 10; *p ⬍ 0.05; **p ⬍ 0.01 rotenone vs control;
ANOVA). C, Concentration dependence of rotenone-induced suppression of single-pulse evoked
DA release. Release suppression induced by rotenone at 30 nM (n ⫽ 6), 50 nM (n ⫽ 10), or 100
nM (n ⫽ 6) differed significantly at the time points indicated (n ⫽ 6; **p ⬍ 0.01). Error bars
indicate SE.

evoked [DA]o was completely prevented ( p ⬎ 0.05; n ⫽ 5) (Fig.
2 A, B). Because glibenclamide can have nonspecific effects, albeit
at higher concentrations than that tested here (Crepel et al., 1993;
Schaffer et al., 1999), we also examined the effect of 100 nM glibenclamide, which is specific for KATP channels (Liss et al., 1999).
In 100 nM glibenclamide, rotenone-induced suppression of
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evoked [DA]o was also prevented (1.18 ⫾ 0.08 M in glibenclamide alone and 1.10 ⫾ 0.08 M after 30 min in 50 nM rotenone
in the continued presence of glibenclamide; p ⬎ 0.05; n ⫽ 5),
although a longer exposure to 100 nM glibenclamide was required
to inhibit the effect of rotenone (45 vs 30 min for 3 M glibenclamide). We then tested a second KATP channel blocker, tolbutamide (200 M) (Avshalumov and Rice, 2003). As with glibenclamide, single-pulse evoked [DA]o was not altered by
tolbutamide; however, this sulfonylurea, too, prevented DA release suppression by 50 nM rotenone ( p ⬎ 0.05 vs tolbutamide
alone; n ⫽ 3) (Fig. 2C,D). Together, these data demonstrate that
KATP channel opening was required for the effect of rotenone on
DA release.
We then determined the ATP content of striatal slices maintained in the recording chamber under control conditions and
after exposure to rotenone (50 nM) for 5, 10, 20, or 30 min. The
average ATP content of control slices prepared as usual and then
maintained in the recording chamber for 1 h at 32°C was 1.26 ⫾
0.04 mol/g tissue wet weight (n ⫽ 10). Assuming that ATP is
localized primarily within the intracellular compartment, this
would represent an average intracellular concentration of ⬃1.8
mM (1 g of tissue ⬇ 1 ml), based on an intracellular volume
fraction of 0.59 estimated from the extracellular volume fraction
in striatum of 0.21 (Rice and Nicholson, 1991) and the usual
fraction of brain solids in forebrain tissue of 0.20 (Rice and
Russo-Menna, 1998). The ATP contents of slices maintained under control conditions for an additional period of 5–30 min were
unchanged from those in 1 h controls ( p ⬎ 0.05 for 1 vs 1.5 h; n ⫽
10 –12 slices per condition). Strikingly, ATP content was unaltered by exposure to 50 nM rotenone during comparable time
periods, with no difference in ATP content versus paired control
at any time point examined ( p ⬎ 0.05; n ⫽ 10 –12 slice pairs)
(Fig. 3). Given the greater effect of 100 nM rotenone on evoked
[DA]o after 30 min exposure, we also determined the effect of this
higher rotenone concentration on ATP content at this single time
point versus that in paired control slices. In contrast to the minimal effect of 50 nM rotenone, 30 min exposure to 100 nM rotenone caused a significant decrease in ATP content of 14 ⫾ 3%
( p ⬍ 0.01 vs paired control; n ⫽ 11 slice pairs) (data not shown).
Although 50 nM rotenone did not cause a significant change in
ATP, the tendency toward a decrease after 30 min (⬃95% of
paired control; p ⬎ 0.05 vs control; n ⫽ 12) (Fig. 3) suggested that
subtle alteration in ATP levels might contribute to KATP channel
opening and suppression of DA release with this concentration of
rotenone. To test this hypothesis, we induced ATP depletion in
striatal slices by decreasing the glucose concentration of the superfusing ACSF to 1 mM, and then examined the consequences of
this depletion on single-pulse evoked DA release. After 1 h in the
chamber in normal ACSF (10 mM glucose), slices were either
maintained for an additional 30 min in normal ACSF, or the
superfusion solution was changed to ACSF with 1 mM glucose for
30 min. After 30 min in low glucose, striatal ATP content fell by a
significant 14%, from 1.22 ⫾ 0.05 mol/g in control slices to
1.05 ⫾ 0.04 mol/g in low glucose ( p ⬍ 0.001 vs control; n ⫽ 13
slice pairs) (Fig. 4 A). In companion experiments, slices were
equilibrated in the chamber for 30 min in normal ACSF, and then
single-pulse evoked DA release was monitored at 5 min intervals;
after 30 min of control recording in normal ACSF, the solution
was changed to ACSF with 1 mM glucose for an additional 30 min,
followed by washout with normal ACSF. Despite the significant
decrease in tissue ATP content after 30 min in low glucose,
evoked [DA]o was unaltered ( p ⬎ 0.05 for low glucose vs either
control or wash; n ⫽ 5) (Fig. 4 B, C). These data indicate that a
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previously in studies with isolated mitochondria (Kwong and Sohal, 1998; Votyakova and Reynolds, 2001; Gyulkhandanyan and Pennefather, 2004; Kudin et al.,
2004) or synaptosomes (Sipos et al., 2003).
Given that increased levels of endogenously generated H2O2 can cause KATP
channel opening (Avshalumov and Rice,
2003; Avshalumov et al., 2003, 2005), we
tested whether inhibition of axonal DA release by rotenone involved H2O2 using an
H2O2-metabolizing enzyme, catalase (500
U/ml). Implicating a key role for H2O2,
the effect of 50 nM rotenone on singlepulse evoked [DA]o was completely prevented by catalase ( p ⬎ 0.05 vs same-site
control; n ⫽ 5) (Fig. 5 A, B). Heatinactivated catalase (Avshalumov et al.,
2003) did not alter rotenone-induced suppression of DA release (n ⫽ 2); these data
are included in control averages.
As discussed above, local stimulation
elicits the release not only of DA, but also
Figure 2. Rotenone-induced suppression of DA release requires KATP channel opening. A, Average DA release records after other endogenous transmitters, including
single-pulse stimulation elicited at 5 min intervals under control conditions and after 30 min exposure to rotenone (50 nM; n ⫽ 7) glutamate. In dorsal striatum, concurrent
compared with release in the presence of glibenclamide (Glib) (3 M) and glibenclamide plus rotenone (n ⫽ 5). Data are glutamate release during pulse-train stimnormalized, with maximum evoked [DA]o under control conditions for each slice taken as 100%. B, Rotenone (Rot) causes a ulation leads to AMPAR-dependent gendecrease in evoked [DA]o (***p ⬍ 0.001 vs control; n ⫽ 7). Glibenclamide had no effect on single-pulse evoked DA release; eration of H2O2 and consequent suppreshowever, this KATP channel blocker completely prevented the usual suppression of DA release in the presence of rotenone (n ⫽ 5; sion of DA release via KATP channel
p ⬎ 0.05 vs glibenclamide alone). C, Average single-pulse evoked [DA]o under control conditions, in the presence of tolbutamide opening (Avshalumov et al., 2003). We
(Tolb) (200 M), and after 30 min exposure to rotenone (50 nM) in the presence of tolbutamide (n ⫽ 3). D, Tolbutamide had no therefore examined whether the effects of
effect on single-pulse evoked DA release; however, it completely prevented DA release suppression by rotenone (n ⫽ 3; p ⬎ 0.05 rotenone on evoked [DA] persisted uno
vs tolbutamide alone). Error bars indicate SE.
der conditions that normally produce
H2O2, e.g., pulse-train stimulation (30
pulses at 10 Hz). With this stimulation paradigm (applied at 10
min intervals), average peak [DA]o was 1.09 ⫾ 0.07 M (n ⫽ 14).
Suppression of axonal DA release by rotenone not only persisted
under these conditions but was, in fact, amplified. The average
decrease after 30 min in 50 nM rotenone was 41 ⫾ 3% ( p ⬍ 0.001
vs same-site control; n ⫽ 7), which was significantly greater than
that seen with single-pulse evoked DA release under the same
conditions ( p ⬍ 0.05 pulse-train vs single-pulse stimulation). A
significant role for rotenone-induced H2O2 generation was again
indicated by the complete prevention of DA release suppression
when rotenone was applied in the presence of catalase (500 U/ml)
( p ⬎ 0.05 rotenone vs same-site control; n ⫽ 5) (Fig. 6 B);
rotenone-induced release suppression again persisted in heatinactivation catalase (n ⫽ 2); these data were included in control
pulse-train averages. As described previously (Avshalumov and
Figure 3. Acute rotenone exposure does not alter striatal ATP content. Average ATP content
Rice, 2003), pulse-train evoked release was enhanced in the presin dorsal striatum from striatal slices exposed to rotenone (50 nM) for 5, 10, 20, or 30 min. Data
ence of glibenclamide (3 M) (n ⫽ 5; p ⬍ 0.001 glibenclamide vs
are given as percentage control (% control), with the ATP content of paired slices incubated for
control), indicating KATP channel activation (via AMPARthe same duration in ACSF alone taken as 100%. Tissue ATP content did not differ between
dependent H2O2 generation) during local pulse-train stimularotenone-exposed and control slices at any time point ( p ⬎ 0.05 vs paired control; n ⫽
tion (Avshalumov and Rice, 2003). In the continued presence of
10 –12). Error bars indicate SE.
glibenclamide, the effect of rotenone on pulse-train evoked DA
release was completely prevented (n ⫽ 5; p ⬎ 0.05 glibenclamide
⬍15% decrease in tissue ATP content alone would be unlikely to
vs rotenone) (Fig. 6C).
contribute to DA release suppression.
Rotenone-induced H2O2 generation and physiological effects
Rotenone-induced DA release suppression requires
in medium spiny neurons
generation of H2O2
Although selective detection of H2O2 generation in DA axons is
Another consequence of partial mitochondrial complex I inhibinot possible at the present time, a window onto striatal H2O2
tion by rotenone is enhanced production of H2O2, demonstrated
generation can be provided by monitoring H2O2-sensitive DCF
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fluorescence in individual neurons after
introduction of H2DCFDA into cells via a
patch pipette (Avshalumov et al., 2005).
We therefore examined H2O2 generation
in medium spiny neurons, which are the
predominant neuronal cell type in the striatum (Kemp and Powell, 1971). Medium
spiny neurons were identified by their
characteristic morphology (Fig. 7) and
electrophysiological characteristics (Fig.
8), as described previously (Nisenbaum
and Wilson, 1995; Koós and Tepper,
1999). Basal DCF fluorescence was de- Figure 4. Evoked DA release is unaltered by a drop in ATP caused by low glucose. A, ATP content in dorsal striatum from slices
tected in all recorded medium spiny neu- maintained in the recording chamber in normal ACSF with 10 mM glucose (Control) and/or in modified ACSF with low glucose (1
rons (n ⫽ 13), indicating tonic generation mM) for 30 min, given as percentage control (% control). Incubation in low glucose caused a significant decrease in striatal ATP
of H2O2 and/or other ROS (Fig. 7B). In- content (***p ⬍ 0.001 vs paired control; n ⫽ 13). B, Average DA concentration–time profiles in dorsal striatum after single-pulse
tracellular H2O2 levels began to rise within stimulation elicited at 5 min intervals in normal ACSF, after 30 min in ACSF with 1 mM glucose, and after 30 min washout with
minutes of exposure to 50 nM rotenone normal ACSF (Wash) (n ⫽ 5). C, Maximum evoked [DA]o did not differ between 1 mM and 10 mM glucose-containing ACSF (n ⫽ 5;
(Fig. 7 A, B), with a significant increase de- p ⬎ 0.05, 1 mM vs either control or wash). Error bars indicate SE.
tected after 4 min of rotenone exposure
( p ⬍ 0.001; n ⫽ 13) (Fig. 7B). After 5–7
min exposure to rotenone, the increase in
DCF fluorescence reached a plateau that
was maintained throughout the usual 30
min monitoring period, with an average
increase of 58 ⫾ 5% above basal levels
( p ⬍ 0.001; n ⫽ 13) (Fig. 7C). This plateau
did not reflect dye saturation, because an
additional increase in fluorescence intensity could be induced by application of exogenous H2O2 (1.5 mM) (data not shown);
however, whether it indicated a constant
level of H2O2 generation or was an artifact Figure 5. Rotenone-induced suppression of DA release requires H2O2. A, Average DA release records elicited by single-pulse
of the irreversible DCF activation by H2O2 stimulation under control conditions (Control) and after 30 min exposure to rotenone (Rot) (50 nM) compared with the effect of
(Avshalumov et al., 2005) cannot be dis- rotenone on single-pulse release in the presence of catalase (Cat) (500 U/ml). B, Under control conditions (ACSF alone or ACSF plus
heat-inactivated catalase), rotenone caused a significant decrease in peak evoked [DA]o (***p ⬍ 0.001, rotenone vs control; n ⫽
cerned with currently available methods.
9); however, this effect of rotenone was prevented in the continued presence of catalase ( p ⬎ 0.05 vs same-site control in catalase
The electrophysiological characterisalone; n ⫽ 5). Error bars indicate SE.
tics of these cells confirmed their identity
as medium spiny neurons (Fig. 8). These
increase in DCF fluorescence and cell excitability seen during
cells had a mean resting potential of 79.5 ⫾ 5 mV and input
rotenone exposure (n ⫽ 3). Prevention of these responses by
resistance of 83 ⫾ 7 M⍀ (n ⫽ 13); they were not spontaneously
active catalase demonstrates that rotenone-induced memactive in vitro, but showed spike activity with depolarizing curbrane depolarization and increased excitability in medium
rent injection (Fig. 8 A). Rotenone (50 nM) caused membrane
spiny neurons were H2O2 dependent.
depolarization from ⫺79.5 ⫾ 5 to ⫺70.2 ⫾ 2.1 mV ( p ⬍ 0.01;
We then evaluated the time course of rotenone-induced
n ⫽ 13), an increase in spike frequency with depolarizing current
changes
in membrane potential and input resistance in meinjection (3.3 ⫾ 0.7 vs 11.8 ⫾ 1.1 Hz; p ⬍ 0.01; n ⫽ 13) (Fig. 8 B),
dium spiny neurons for comparison with those of DA release
and a decrease in input resistance (83 ⫾ 7 vs 47 ⫾ 8.6 M⍀;
suppression and H2O2 generation. Continuous current-clamp
p ⬍ 0.05; n ⫽ 13).
recording indicated that membrane depolarization began
To examine whether H2O2 contributed to the physiological
within minutes of exposure to rotenone (50 nM) (Fig. 9A),
consequences of rotenone exposure, we applied rotenone in
with a progressive change in membrane potential that differed
the presence of catalase (500 U/ml). Catalase markedly attensignificantly from control after 4 min in rotenone ( p ⬍ 0.05 vs
uated the increase in DCF fluorescence induced by 50 nM
same
cell-control; n ⫽ 10), and then reached a plateau after
rotenone (data not shown), implying that increases in intra⬃7
min
( p ⬍ 0.01; n ⫽ 10). Rotenone-induced changes in
cellular H2O2 levels in a given cell reflects contributions from
input resistance in these cells showed a similar time course,
surrounding cellular elements, as well as its own mitochonwith a decrease in resistance (i.e., an increase in conductance,
dria. This observation also suggests that H2O2 was the preindicative of channel opening) that reached significance after
dominant ROS detected by DCF fluorescence. Catalase alone
5 min, with a subsequent plateau ( p ⬍ 0.01 vs same cellhad no effect on medium spiny neuron membrane properties
control; n ⫽ 10).
(Fig. 8C); however, the continued presence of catalase comPrevious studies have shown that striatal medium spiny neupletely prevented the consequences of rotenone on the physirons respond to conditions of metabolic stress with depolarizaological properties of medium spiny neurons (n ⫽ 3) (Fig.
tion that is mediated by nonselective cation channels (Calabresi
8 D). In control experiments, heat-inactivated catalase had no
et al., 1997, 1999, 2000; Centonze at al., 2001; Saulle et al., 2004).
effect on resting cell membrane properties, nor on the usual
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Figure 6. Enhanced suppression of DA release by rotenone with pulse-train stimulation also requires H2O2 and KATP channel
opening. A, Average DA release records elicited by 30 pulses (10 Hz) under control conditions (Control) and after 30 min exposure
to rotenone (Rot) (50 nM) compared with the effect of rotenone on pulse-train evoked [DA]o in the presence of catalase (Cat) (500
U/ml). Under control conditions (ACSF alone or ACSF plus heat-inactivated catalase), rotenone caused a significant decrease in
peak evoked [DA]o (***p ⬍ 0.001 rotenone vs control; n ⫽ 7); however, this effect of rotenone was prevented in the continued
presence of catalase ( p ⬎ 0.05 vs same-site control in catalase alone; n ⫽ 5). B, Average pulse-train evoked DA release records
under control conditions, in the presence of glibenclamide (Glib) (3 M), and after rotenone in glibenclamide. Glibenclamide
caused an increase in pulse-train evoked [DA]o (***p ⬍ 0.001 vs control; n ⫽ 5) and prevented rotenone-induced suppression of
DA release ( p ⬎ 0.05 vs glibenclamide alone; ***p ⬍ 0.001 vs control). Error bars indicate SE.

Figure 7. Rotenone increases H2O2 generation in striatal medium spiny neurons. A, Medium spiny neuron visualized with Alexa
Red during physiological recording in vitro. B, DCF fluorescence in the cell in A under control conditions and during exposure to
rotenone (50 nM). Scale bars: A, B, 20 m. C, Average time course and amplitude of H2O2 generation [DCF fluorescence intensity
(FI)] during rotenone exposure (n ⫽ 13; ***p ⬍ 0.001 rotenone vs basal FI; ANOVA). Error bars indicate SE.
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Most nonselective cation channels are
now recognized to be part of the transient
receptor potential (TRP) superfamily of
cation channels that are activated in response to changes in their local environment (Moran et al., 2004). We therefore
examined whether TRP channel opening
might underlie rotenone-induced changes
in membrane potential and input resistance using the analgesic, flufenamic acid
(FFA) (10 –100 M) (Bengtson et al., 2004;
Zhu et al., 2005), which is a potent, TRP
channel inhibitor (Hill et al., 2004). In pilot studies, we found that 100 M FFA
alone caused a marked depolarization of
medium spiny neurons (n ⫽ 3) and was
not tested further. At 10 M, FFA did not
alter resting membrane properties (compare baseline data for control and FFA in
Fig. 9 D, E). However, at this concentration, FFA markedly inhibited the effects of
50 nM rotenone on membrane potential
(Fig. 9D) and input resistance (Fig. 9E)
(n ⫽ 5; p ⬍ 0.001 vs rotenone alone at time
points ⱖ5 min). These data implicate activation of TRP channels in the H2O2dependent effects of rotenone on membrane
properties of medium spiny neurons.
Medium spiny neurons also express
KATP channels that are metabolically activated and can serve to attenuate nonselective cation-channel-mediated depolarization in these cells (Calabresi et al., 1999;
Centonze et al., 2001). We examined the
role of KATP channels in mediating
rotenone-induced changes in membrane
properties in medium spiny neurons using 3 M glibenclamide, which was fasteracting than equally effective 100 nM glibenclamide also tested in studies of evoked
DA release. As predicted from previous reports, membrane depolarization in the
presence of rotenone (50 nM) was enhanced significantly when KATP channels
were blocked by glibenclamide (n ⫽ 5; p ⬍
0.001 vs rotenone alone at time points ⱖ4
min) (Fig. 9D). Demonstrating a significant role for KATP channels in rotenoneinduced membrane conductance changes,
glibenclamide also attenuated the usual
decrease in input resistance (n ⫽ 5; p ⬍
0.001 vs rotenone alone at time points ⱖ4
min) (Fig. 9E).
Given this evidence for KATP channel
activation, it was somewhat surprising
that we did not see a KATP-channeldependent hyperpolarization during rotenone application in the presence of FFA.
However, FFA, like other available blockers of TRP channels, has a variety of actions, including interactions with several
other cation and anion channels (Hill et
al., 2004). Although an interaction of
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Figure 8. Rotenone alters membrane properties of striatal medium spiny neurons. A–D,
Representative current-clamp records during a series of hyperpolarizing and depolarizing current pulses (0.04 nA; 10 –12 steps) in medium spiny neurons in striatal slices in vitro. A, B,
Current-clamp records from the cell shown in Figure 7, A and B; the pattern of membrane
responses under control conditions (A) confirmed the identity of the cell as a medium spiny
neuron. Rotenone exposure (50 nM; ⱕ30 min) increased cell excitability (n ⫽ 13) (B), as
described in Results. C, D, Current-clamp records from a different medium spiny neuron in the
presence of catalase (500 U/ml) and in catalase plus rotenone. In the presence of catalase,
rotenone (50 nM; ⱕ30 min) had no effect on membrane properties in medium spiny neurons
(n ⫽ 3). The usual increase in cell excitability with rotenone was seen in heat-inactivated
catalase (n ⫽ 3); data from heat-inactivated catalase were included in control data averages.

FFA with KATP channels has not been reported, the nearly
complete elimination of rotenone-induced changes in medium spiny neuron membrane properties by FFA would be
consistent with concurrent blockade of activated KATP channels. Consequences of FFA might also include effects on other
striatal cells that contribute to the generation of diffusible
H2O2 and its consequent effects on striatal spiny neuron physiology. We therefore examined the activity dependence of
rotenone-induced H2O2 generation and consequent effect on
medium spiny neuron membrane properties by applying rotenone (50 nM) in the presence of TTX (1 M). Implicating a
role for neuronal activity in the consequences of rotenone
exposure, rotenone-enhanced DCF fluorescence was decreased by ⬃30% in TTX (n ⫽ 3; p ⬍ 0.05), accompanied by
an attenuation of membrane potential and input resistance
changes ⬃50% (n ⫽ 5; p ⬍ 0.001 vs rotenone) (data not
shown). Importantly, however, the fact that these changes
were not prevented by TTX confirms that a significant contribution is activity independent, implying a direct effect of rotenone on mitochondrial ROS production and its cellular
consequences.

Discussion
Here, we report that DA neurotransmission is suppressed in a
concentration-dependent manner by nanomolar levels of rotenone known to cause partial inhibition of mitochondrial complex I (Betarbet et al., 2000; Votyakova and Reynolds, 2001). The
primary mechanism of DA release inhibition involves rotenoneenhanced H2O2 generation and consequent activation of KATP
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channels, in the absence of decreased tissue ATP levels.
Rotenone-enhanced H2O2 generation was confirmed by DCF
fluorescence imaging in the principal cells of the striatum, medium spiny neurons, providing the first demonstration of
rotenone-dependent ROS generation in intact cells. Simultaneous whole-cell recording revealed that rotenone exposure also
caused H2O2-dependent membrane depolarization and increased excitability in medium spiny neurons via activation of
TRP channels.
These dynamic consequences of mitochondrial inhibition
by rotenone were examined in acute brain slices, in which the
cellular microenvironment, including local microcircuitry
and neuron– glia antioxidant networks, is largely preserved.
Previous in vitro studies of rotenone toxicity focused on morphological and biochemical changes induced by rotenone, including oxidative damage, cell death, and nigrostriatal degeneration, providing mechanistic insight into rotenone toxicity
(Sherer et al., 2003b; Tretter et al., 2004; Testa et al., 2005).
However, none of these addressed functional effects of mitochondrial inhibition that might explain the occurrence of profound parkinsonian motor deficits, despite often limited nigrostriatal degeneration after rotenone exposure. This
apparent paradox coupled with the additional observation
that rotenone is also toxic to non-DA neurons in the basal
ganglia (Ferrante et al., 1997; Höglinger et al., 2003; Fleming et
al., 2004) have fueled both sides of the debate over the link
between exposure to pesticides or other environmental toxicants and Parkinson’s disease (Di Monte, 2003; Greenamyre et
al., 2003). Importantly, however, Alam and Schmidt (2004)
recently reported that rotenone-induced motor deficits can be
reversed by L-DOPA, confirming the critical involvement of
DA. The present demonstration of striatal DA release inhibition by rotenone provides a unifying explanation for the motor deficits that can accompany rotenone exposure, even when
nigrostriatal degeneration is minimal.
DA release suppression by rotenone does not involve
ATP depletion
Prevention of rotenone-induced suppression of axonal DA release by the KATP channel blockers glibenclamide and tolbutamide (Figs. 2, 6 B) indicates a requirement for KATP channel
opening in release inhibition. Previous studies have shown a role
for KATP channels in regulating DA release in the striatum and
DA-neuron activity in the SNc (Avshalumov and Rice, 2003;
Avshalumov et al., 2005). Moreover, KATP channel opening mediates the physiological responses of DA neurons to nanomolar
levels of rotenone (Liss et al., 1999). Because intracellular ATP
concentration is the primary regulator of KATP channel opening
(Noma, 1983; Cook and Hales, 1984; Ashcroft and Gribble,
1998), we anticipated that the cause of KATP-channel-dependent
inhibition of DA release by rotenone would be ATP depletion.
Indeed, from previous studies in isolated mitochondria and synaptosomes (Davey and Clark, 1996; Fonck and Baudry, 2003),
50 nM rotenone would have been predicted to decrease ATP
content by as much as 30%. However, using a conventional
assay adapted for tissue ATP content, we found that this concentration of rotenone had no effect on ATP levels in the more
complex microenvironment of brain slices. Although there
was a tendency toward decreased ATP content after 30 min in
50 nM rotenone and a significant depletion in 100 nM rotenone, companion studies in which striatal ATP depletion was
induced by lowering media glucose concentration indicated
that a ⱕ15% decrease in ATP content alone was not sufficient
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Krippeit-Drews et al., 1999; Avshalumov
and Rice, 2003; Avshalumov et al., 2003,
2005). In dorsal striatum, modulatory H2O2
generated downstream from glutamatergic
AMPARs suppresses DA release via KATP
channel activation; this was revealed using
local multiple-pulse stimulation, in which
concomitantly released glutamate increases H2O2 production to cause suppression of DA release evoked by subsequent pulses (Avshalumov et al., 2003).
Release of DA elicited by a single stimulus,
however, is not modulated by concomitant glutamate release, because the DA release event is over before H2O2 generated
downstream from AMPARs can act
(Avshalumov et al., 2003).
The efficacy of catalase in preventing
the KATP-channel-dependent suppression
of single-pulse evoked DA release by 50 nM
rotenone, therefore, confirmed an essential role for rotenone-dependent H2O2
generation (Fig. 2 D). In contrast, when
pulse-train stimulation was used to elicit
DA, rotenone-induced release suppression was exacerbated, suggesting a synergistic amplification of glutamatedependent H2O2 generation during
partial mitochondrial inhibition (Fig.
6 A). Direct confirmation that rotenone
caused a functionally relevant increase in
H2O2 was provided by DCF imaging in
individual medium spiny neurons in the
absence of local stimulation (Fig. 7 B, C).
Although previous studies have shown
rotenone-dependent increases in H2O2
generation in isolated mitochondria and
Figure 9. Acute rotenone exposure alters membrane properties of medium spiny neurons. A, Representative current- synaptosomes (Votyakova and Reynolds,
clamp record showing membrane depolarization in a striatal medium spiny neuron during application of 50 nM rotenone; 2001; Fonck and Baudry, 2003; Sipos et al.,
resting potential in this cell was ⫺78.4 mV (dashed line). Each downward deflection represents the voltage drop produced 2003), the present data are the first to
by pulsed current injection (⫺0.1 nA; 1 s) used to monitor input resistance during the experiments; the decreasing demonstrate that rotenone-enhanced
amplitude of these deflections indicated that a decrease in input resistance accompanied rotenone application. B, Time H O generation is sufficient to over2 2
course of rotenone-induced membrane potential (Memb pot’l) changes in striatal spiny neurons during exposure to 50 nM whelm the relatively intact neuronal and
rotenone (n ⫽ 10; *p ⬍ 0.05; **p ⬍ 0.01 rotenone vs control; ANOVA). C, Time course of rotenone-induced changes in
glial antioxidant networks of the complex
input resistance (R) for the cells included in B (n ⫽ 10; **p ⬍ 0.01 rotenone vs control; ANOVA). D, Effect of blocking TRP
brain-slice microenvironment.
channels with FFA (10 M) or blocking KATP channels with glibenclamide (Glib) (3 M) on rotenone-induced changes in
Importantly,
rotenone-enhanced
membrane in striatal spiny neurons. Marked suppression of rotenone-induced changes in the presence of FFA implicates
activation of TRP channels as the underlying cause of rotenone-induced membrane depolarization in medium spiny H2O2 generation in medium spiny neuneurons (n ⫽ 5; ***p ⬍ 0.001 vs same time point in 50 nM rotenone alone). Enhanced depolarization in the presence of rons shows that increased ROS levels are
glibenclamide indicates that activation of KATP channels during rotenone exposure normally opposes TRP-channel- not restricted to the nigrostriatal DA pathmediated depolarization (n ⫽ 5; ***p ⬍ 0.001 vs same time point in 50 nM rotenone alone). E, Effect of FFA (n ⫽ 5) or way. Given that mitochondria are ubiquiglibenclamide (n ⫽ 5) on rotenone-induced changes in input resistance for the cells included in D; both TRP and KATP tous, rotenone-enhanced mitochondrial
channels contribute to decreased membrane resistance (increased conductance), in the presence of rotenone (***p ⬍ H O generation should occur in all cells
2 2
0.001 vs same time point in 50 nM rotenone alone). Error bars indicate SE.
and cell processes. The greatest influence
on DA release regulation would be expected to come from mitochondria loto alter DA release (Fig. 4). Together, these data demonstrate
cated nearest to DA release sites, including those in DA axons and
that suppression of striatal DA release with nanomolar levels
synapses (Nirenberg et al., 1997), as well as those in dendrites of
of rotenone is not ATP dependent.
medium spiny neurons that receive DA synapses (Smith and Bolam, 1990; Avshalumov et al., 2003). However, because H2O2 is a
neutral, membrane-permeable molecule that can readily diffuse
Rotenone-induced DA release suppression requires H2O2
What then is the cause of KATP-channel-dependent DA release
from sites of generation (Ramasarma, 1983; Avshalumov et al.,
inhibition by rotenone? In addition to ATP, another important
2003), diffusible H2O2 from distant mitochondria could commodulator of KATP channels is H2O2 (Ichinari et al., 1996;
pound local effects. Indeed, attenuation, but not elimination, of
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H2O2 generation and associated changes in medium spiny neuron membrane properties by TTX implies a significant contribution from tonically active cells and local circuitry, as well as from
direct mitochondrial inhibition.
An alternative source of ROS might arise from DA oxidation or metabolism during rotenone exposure. Arguing
against this, however, striatal DA and DOPAC contents were
unaltered by acute rotenone exposure, indicating maintenance of tissue DA stores and DA turnover under conditions
that increased H2O2 levels. In addition, peak evoked [DA]o in
the presence of rotenone did not differ from control when
KATP channels were blocked by glibenclamide, showing that
DA in the extracellular space is also stable under these
conditions.
Rotenone-induced depolarization in medium spiny neurons
via TRP channels
Interestingly, although KATP channels are expressed in medium
spiny neurons (Schwanstecher and Panten, 1994; Schwanstecher
and Bassen, 1997), rotenone exposure caused membrane depolarization and increased excitability in these cells (Figs. 8 B, 9).
This observation is consistent with previous studies of spinyneuron physiology under conditions of metabolic stress, including oxygen and/or glucose deprivation or inhibition of mitochondrial complex II, each of which is accompanied by
membrane depolarization mediated by nonselective cation channels of the TRP superfamily (Calabresi et al., 1997, 1999, 2000;
Centonze at al., 2001; Saulle et al., 2004). Under these conditions, KATP channels are also activated but serve only to attenuate the predominant TRP-channel-dependent depolarization (Calabresi et al., 1999; Centonze et al., 2001), as seen here
(Fig. 9D). In contrast, in cholinergic interneurons, another
key striatal cell type, rotenone causes profound KATP-channeldependent membrane hyperpolarization (Bonsi et al., 2004).
Although the high concentrations of rotenone (1–10 M) examined in those studies would completely inhibit complex I,
the opposite responses of cholinergic cells and medium spiny
neurons are consistent with response patterns seen with other
metabolic challenges (Calabresi et al., 1999; Centonze et al.,
2001). The inability of KATP channels to hyperpolarize striatal
spiny neurons and thereby curtail energy consumption has
been proposed to contribute to the particular vulnerability of
these cells to metabolic stress (Calabresi et al., 1997, 2000;
Saulle et al., 2004).
Previous in vitro studies have shown that high levels of
exogenous H2O2 (ⱖ10 mM) can also cause membrane depolarization in medium spiny neurons via TRP channels (Smith
et al., 2003); the channel subtype implicated is TRPM2, because other studies indicate that these can be activated by
oxidant stress (Perraud et al., 2003; Smith et al., 2003; McNulty and Fonfria, 2005). The studies by Smith et al. (2003),
however, did not examine secondary consequences of high
levels of exogenous H2O2, including ATP depletion that can
arise from H2O2-dependent inhibition of mitochondrial respiration in a cycle of enhanced ROS production and additional
metabolic inhibition (Krippeit-Drews et al., 1999; Fiskum et
al., 2003; Kudin et al., 2004; Tretter et al., 2004; Zeevalk et al.,
2005). In the present work, rotenone-induced changes in
membrane properties occurred in the absence of a change in
tissue ATP and were prevented by catalase (Fig. 8 D), as well as
by FFA (Fig. 9 D, E), a TRPM2 channel blocker (Hill et al.,
2004), indicating that brain TRP channels, like KATP channels,
are potential targets for regulation by endogenous H2O2.

Implications
Parkinson’s disease has been linked to chronic mitochondrial
dysfunction, which can lead to oxidative stress and further pathology, including nigrostriatal axon damage from DA oxidation
in the striatum (Sonsalla et al., 1997; Berman and Hastings, 1999)
and eventual retrograde degeneration of DA neurons in the SNc
(Sonsalla et al., 1997; Betarbet et al., 2000; Höglinger et al., 2003).
The present demonstration of H2O2 generation and consequent
DA release suppression in the striatum provide new perspectives
on the sequelae of pathological events that can accompany mitochondrial dysfunction. Moreover, local effects on striatal DA release would be compounded by concurrent effects on DA-neuron
activity in the SNc, because mitochondrial dysfunction (e.g., that
induced by nanomolar rotenone) causes KATP-channeldependent inhibition of DA-neuron activity (Liss et al., 1999),
which would further enhance DA-dependent motor deficits in
the absence of frank DA-neuron loss.
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