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Mitochondrial complex I as a novel target for intraneuronal DA: Modulation
of respiration in intact cells
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A B S T R A C T

Accumulating evidence suggests a role for mitochondria in synaptic potentiation and neurotransmission as

well as in morphogenesis and plasticity of spines and synapses. However, studies investigating the ability of

neurotransmitters to reciprocally affect mitochondrial function are sparse. In the present study we

investigated whether dopamine can affect mitochondrial function in intact neuronal cells. We have shown

that short- or long-term exposure of human neuroblastoma SH-SY5Y cells to dopamine (DA) inhibited

mitochondrial respiration. This inhibition was associated with an increase in DA intracellular levels, and

was prevented by the DA membrane transporter inhibitors, cocaine and GBR-12909. DA inhibited

respiration driven through complex I but not through complexes II or III, in line with DA ability to

specifically inhibit complex I activity in mitochondrial preparations. The effect of DA on complex I was not

associated with altered expression of three subunits of complex I, which were formerly reported abnormal

in DA-related pathologies. DA effects on respiration were not due to its ability to form reactive oxygen

species. Antipsychotic drugs, which compete with DA on its receptors and inhibit complex I activity, also

decreased complex I driven mitochondrial respiration. These findings may suggest that DA, which is taken

up by neurons, can affect mitochondria and thereby neurotransmission and synaptic plasticity. Such a

mechanism may be of relevance to DA-related non-degenerative pathologies such as schizophrenia.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Neuronal cells are highly dependent on aerobic oxidative
phosphorylation and ATP production in order to maintain their
function. Mitochondria are the energy source that drives the
biochemical processes involved in various cell functions. In
addition to ATP production, mitochondria regulate intracellular
Ca2+ concentration [1], which has been shown to play an important
role in the generation of action potentials and calcium signaling
processes, including synaptic transmission, cytoskeletal dynamics,
and activity dependent regulation of gene expression. Previous
studies utilizing pharmacological tools to inhibit mitochondria
revealed defects in synaptic potentiation and a failure to maintain
neurotransmission under rigorous stimulation [2,3]. Further
evidence for the critical role of mitochondria in neuronal activity
is the finding that loss of mitochondria from axon terminals result
in defective synaptic transmission in Drosophila [4–6] and that
dendritic mitochondria are essential in the morphogenesis and
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plasticity of spines and synapses in hippocampal tissue slices [7].
Studies on the ability of neurotransmitters to reciprocally affect
mitochondrial function and ATP production process in a cellular
system have focused mainly on the effect of glutamate on
mitochondrial function [8–10]. Two in vivo studies suggest that
DA may also interfere with the mitochondrial respiratory system,
demonstrating that elevated rat brain DA concentrations following
chronic administration of L-DOPA or D-methamphetamine resulted
in a reduction in striatal ATP [11,12]. In addition, it has been shown
that DA can dissipate mitochondrial membrane potential in B
lymphocytes and in human neuroblastoma cells [13,14]. In
isolated mitochondria derived from rat brain and muscle, DA, its
precursor L-DOPA or its metabolite DOPAC, were shown to
interfere with mitochondrial respiration. This has been attributed
to their ability to be metabolized to highly reactive oxygen species
(ROS) that can cause a state of oxidative stress [15–18]. However,
in disrupted mitochondria from both rat brain and human
platelets, it was shown that DA per se reversibly inhibited complex
I activity but not that of complex II, IV and V [13,19,20]. These
findings suggest that DA can also interfere with mitochondrial
function by a direct interaction with complex I. In line with the
latter are our recent results demonstrating that intact mitochon-
dria can accumulate DA, thereby enabling the interaction between
DA and complex I [13].
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Interestingly, antipsychotic drugs, which compete with DA on its
receptors, inhibit complex I activity both in vivo and in vitro. Thus,
administration of antipsychotic drugs to brain slices of humans or
mice as well as to isolated rat brain mitochondria, reduced complex I
activity [21–24]. In addition, chronic antipsychotic treatment of rats
or mice caused a reduction in complex I activity in different brain
regions [22,23,25,26]. It is notable that in schizophrenia, in which
antipsychotic drugs are the common practice, abnormalities have
been reported in DA transmission and in complex I activity as well as
in its subunits encoded by nuclear DNA genes [25,27–36]. We
hypothesize that an interaction between DA and complex I, which
affects mitochondrial activity without the induction of an oxidative
stress state, may modulate neuronal functioning. The results of the
present study show that short- and long-term increases in
intracellular DA decreased oxygen consumption via its interaction
with complex I in intact SH-SY5Y cells. DA-induced inhibition of
respiration was not associated with the formation of ROS, or with
altered expression of three subunits of complex I. Antipsychotic
drugs showed similar inhibitory effects on respiration. These
findings suggest that DA–complex I interaction is functionally
manifested in a cellular system, and may be a relevant mechanism in
DA related non-degenerative pathologies such as schizophrenia, in
which DA and mitochondria as well as abnormal neuronal plastic
processes are considered as part of the pathophysiology.

2. Materials and methods

2.1. Materials

All drugs were purchased from Sigma Chemical Company, St.
Louis, MO, USA. MitoSOX and H2DCFDA were purchased from
Molecular Probes (Eugene, USA). Media for tissue culture was
purchased from Biological Industries (Beit Haemek Ltd., Israel). All
other materials were of the highest purity and were purchased
from standard commercial sources.

2.2. Cell treatments

Human neuroblastoma SH-SY5Y cells (106 cell) were plated in
Modified Eagle’s Medium (MEM, with non-essential amino-acids)/
F12(HAM)(1:1) supplemented with 10% fetal calf serum, 2%
sodium bicarbonate, 1% sodium pyruvate and 1% penicillin/
streptomycin at 37 8C in a 5% CO2 humidified incubator. Prior to
drug treatment cells were preincubated with or without 0.1 mM
tranylcypromine (MAO A and B inhibitor) for 30 min and then the
medium was replaced as will be specified for each experiment. For
long lasting effects of drugs cells were treated with either a single
or repeated (every 24 h) administration of DA (10�7 to 10�5 M),
haloperidol (10�7 to 10�5 M) or rotenone (1 nM) for 6 h, 24 h, 48 h
or 72 h. Control cells received an equivalent volume of solvent
(DMSO or PBS) for the same length of time.

Cell viability was determined in the presence of 0.1% Tryptan
Blue, and counted in a haemocytometer.

2.3. Respiration

Oxygen utilization was measured polarographically with a
thermostatically controlled (37 8C) Clark oxygen electrode (Strath-
kelvin 782 Oxygen System; Strathkelvin Instrument Ltd., Scot-
land). Cells (2–5 � 106) were washed and suspended in a serum-
free DMEM low glucose medium without phenol red (standard
medium) or in Hank’s balanced salt solution (HBSS) and were
added to a 1 ml water-jacketed chamber. Cell respiration was
determined in the presence of: rotenone (5 mM); the uncoupler
CCCP (5 mM); DA (10�4 to 10�8 M) or antipsychotic drugs
(5 � 10�5 to 10�4 M: haloperidol, clozapine, chlorpromazine) for
up to 40 min. Measurements were taken online and all control
incubations were performed in an identical manner. Respiration
rates are expressed as micromole O2 per liter per hour. Oxygen
consumption through each enzymatic complex of the respiratory
chain was measured separately in 1 ml of standard medium (pH
7.4) containing 0.3 M mannitol, 10 mM KCl, 5 mM MgCl2, 10 mM
KH2PO4 and 0.25 mg bovine serum albumin. Cell membrane was
permeabilized with digitonin (0.001%) in order to avoid the uptake
mechanism for each of the substrates as previously described [37].
Respiration rates were assessed after the addition of the following
substrates and inhibitors: pruvate/glutamate (5 mM; complex I
substrate) plus malate (1 mM; complex II inhibitor) for complex I
induced respiration. Succinate (20 mM; complex II substrate) in
the presence of rotenone (5 mM) and ATP (0.4 mM) for complex II
induced respiration, and glycerol-3-phosphate (10 mM; complex
III substrate) in the presence of rotenone (4 mM), ATP (0.4 mM) and
malonate (20 mM) for complex III induced respiration.

2.4. Intracellular DA

Intracellular DA was measured by HPLC with an electroche-
mical detector (ESA Inc., MA, USA). Cells were incubated as
specified for the respiration reaction in the presence or absence of
three different concentrations of DA (5 � 10�5 to 5 � 10�4) and of
5 mM succinate. The reaction was terminated by centrifugation at
280 � g at room temperature for 15 min. The pellet was washed
three times with excess of buffer and centrifuged between each
wash to avoid contamination by extracellular DA. The final pellet
was placed on ice and dissolved in 100 ml of 0.1 M HClO4. After
freezing and thawing the homogenate was centrifuged at
12,000 � g at 4 8C, and aliquots of the supernatant were analyzed
with HPLC. The electrodetection was performed at +0.3 V. The
mobile phase contained 0.1 M NaH2PO4, 0.27 mM Na2EDTA, 1 mM
octanesulfuric acid, 4.5% acetonitrile, 2.5% methanol (pH 2.75).
Data were analyzed using Borwin software [38].

2.5. Reactive oxygen species (ROS) production

The formation of intracellular ROS was measured by incubating
SH-SY5Y cells (2 � 105cells) suspended in HBSS in the presence
of 5-(and-6)-carboxy-2’,7’-dichlorodihydrofluorescein diacetate
(H2DCFDAfinal concentration 25 mM) for 30 min at 37 8C [39].
H2DCFDA is a stable non-fluorescent molecule that passively
diffuses into cells, where the acetate can be cleaved from the
parent molecule by intracellular esterases to produce a polar diol
that is well retained within the cells. The diol can then be oxidized
by ROS to a fluorescent form. Redox state of cells was determined
by exciting H2DCFDA-loaded cells at 485 nm and detection of
emitted fluorescence at 520 nm using FLUOstar OPTIMA (BMG
Labtech, Germany). After loading, DA (10�6 or 10�4 M) was added
to the cells and measurements were obtained every 5 min for up to
60 min. H2O2 (10�4 M) was used as a positive control.

Superoxide formation was measured by incubating SH-SY5Y
cells (2 � 105cells) suspended in HBSS using red mitochondrial
superoxide indicator (MitoSOX final concentration 5 mM) for
10 min at 37 8C [40]. Superoxides were determined by exciting
MitoSOX-loaded cells at 485 nm and detection of emitted
fluorescence at 580 nm using FLUOstar OPTIMA. After loading,
DA (10�6 or 10�4 M) was added to the cells and measurements
were obtained every 5 min for up to 60 min. Rotenone (10 mM)
was used as a positive control.

2.6. RT-PCR analysis

RNA extraction from cells was performed using RNA STAT-60
kit (TEL-TEST, Inc., Frienwood, TX, USA) followed by additional



Table 1
Primer sequences and PCR conditions.

mRNA Primer sequence Denaturing

temperature

and time 8C (s)

Annealing

temperature

and time 8C (s)

Elongation

temperature

and time 8C (s)

Number

of cycles

Product

size (bp)

NDUFV2 S 50-GGAGGAGCTTTATTTGTGCAC-3’ 94 (60) 55 (60) 72 (60) 35 640

NS 50-CCTGCTTGTACACCAAATCC-30

NDFUV1 S 50-TACATCCGAGGGGAATTCTACA-30 94 (60) 60 (60) 72 (60) 35 426

NS 50-GTTCTTTCAAGGGCACAGACAT-30

NDUFS1 S 50-TACTCGCTGCATCAGGTTTG-30 94 (60) 58 (60) 72 (60) 35 299

NS 50-CATGCATACGTGGCAAAATC-30

b-Actin S 50-TGAAGTGTGACGTGGACATCCG-30 94 (60) 60 (60) 72 (60) 25 447

NS 50-GCTGTCACCTTCACCGTTCCAG-30

18S-RNA S 50-AGGAATTGACGGAAGGGCAC-30 94 (60) 60 (60) 72 (60) 25 324

NS 50-GTGCAGCCC CGGACATCTAAG-30

All templates were initially denatured for 5 min at 94 8C, and after completing all cycles, were extended a final extension of 10 min at 72 8C.
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purification using phenol:chloroform:isoamyl alcohol (25:24:1)
and isopropranol. All RNA preparations were dissolved in RNase
free water and were then treated by DNase as described previously
[32,41]. The final RNA preparation was dissolved in RNase free
water and stored in �80 8C until use. RNA integrity depicted in the
form of three bands corresponding to 28S, 18S and 5S RNA was
assessed by electrophoresis in a 1% agarose/formaldehyde gel
stained with ethidium bromide. The amount and purity of
extracted RNA was determined spectophotometricaly. The expres-
sion of NDUFV1, NDUFV2 and NDUFS1 encoding for the 51 kDa,
24 kDa and the 75 kDa subunits of complex I, respectively, was
studied by using RT-PCR [31,32]. Amplification of RT-cDNA was
first performed on a control specimen at different concentrations
to define a linear range for all genes. The number of cycles, cDNA
amount and primers concentration was established according to a
stringent calibration process determining the log-linear phase of
amplification for each gene. After establishing the optimal reaction
conditions, PCR amplification was performed. PCR products were
stained with ethidium bromide separated by electrophoresis on 2%
agarose gel and analyzed by densitometer. Sequences of PCR
primers for NDUFV2, NDUFV1, NDUFS1 and b-actin were designed
according to sequence obtained from Gene-Bank (Table 1). b-Actin
was used for normalizing variations in RNA aliquots taken for RT
reactions. A single batch of RNA isolated from untreated cells, on
which PCR was performed at three different concentrations was
assayed in parallel with each set of samples as a positive control
and as a control for the log-linear phase of amplification for each
reaction.

2.7. Immunolotting

Protein was extracted from cells as previously described [31].
Briefly, cells were homogenized in 10 mM Tris buffer pH 7.4
containing 250 mM sucrose, 5 mM EDTA, 0.5% NP40 and TM
protease inhibitors cocktail. Following centrifugation (16,000 � g,
10 min) the supernatant (80 or 100 mg total protein was diluted 1:1
in electrophoresis sample buffer 250 mM Tris–HCl, pH 6.8 contain-
ing 20% (v/v) glycerol, 4% (w/v) sodium dodecyl sulfate, 10% (v/v) 2-
mercaptoethanol and 0.5 mg/ml bromophenol blue. The protein
sample was separated on SDS polyacrylamide gel and transferred to
a nitrocellulose membrane. Quality of protein transfer was assayed
by Ponceau staining. Following blocking (T-TBS containing 2%
Bovine serum albumin) of nonspecific binding sites, membranes
were incubated at 4 8C overnight with primary recombinant rabbit
antihuman antibody Protein samples were separated on SDS-PAGE,
transferred to a nitrocellulose membrane and quality of transfer was
assayed by Ponceau staining. Primary recombinant rabbit antihu-
man antibodies used; anti-24 kDa 1:1500, anti-51 kDa 1:500, anti-
75 kDa 1:1000 synthesized by Sigma–Aldrich, Israel. Secondary
antibodies used; anti rabbit-IgG 1:15,000 for 24 kDa, 1:10,000 for
51 kDa and 75 kDa subunits (Santa Cruz Biotechnology, Santa Cruz,
CA). b-Actin was used for normalizing variations in protein aliquots.
Blots were developed with Amersham’s ECL, exposed to XLS Kodak
film and analyzed by densitometer. b-Actin was used for normal-
izing variations in protein aliquots. In addition, a single batch of rat
brain mitochondrial protein in three different concentrations was
used as a positive control and for normalization. Protein concentra-
tion was measured using Bradford reagent (BIO-RAD, Munchen,
Germany).

2.8. Data analysis

Statistical significance was determined by one-way ANOVA
followed by Bonferroni post hoc multiple comparisons test. SPSS
14.0 program was used for all analyses.

3. Results

3.1. DA inhibits respiration of SH-SY5Y cells

Optimal conditions for the measurement of respiration of SH-
SY5Y neuroblastoma cells were first established. Fig. 1A depicts a
representative respiration graph of control respiration and the
effects of complex I inhibitor, rotenone (1 mM), which inhibited
respiration by approximately 50% (50.2 � 2.4%, p < 0.001), and of
the uncoupler CCCP (5 mM), which enhanced respiration by
169.9 � 16.9% (p < 0.001) (Fig. 1A). DA inhibited respiration in a
dose-dependent manner, at a concentration range that was pre-
viously shown to have no effect on SH-SY5Y cell viability [20]
(Fig. 1B). To study the specificity of DA induced effect on respiration,
two additional monoamines, 5-HT and norepinephrine (NE), were
analyzed. DA (10�4 M) significantly inhibited respiration by
35.1 � 9.5% (p < 0.001), NE (10�4 M) was significantly less effective
and inhibited cells respiration by 8.62.7% (p < 0.001 vs. control and
p < 0.01 vs. DA) while 5-HT (10�4 M) did not cause any significant
inhibition of respiration (Fig. 1C). These experiments were done in the
presence of the MAO inhibitor tranylcyoromine.

In the absence of tranylcyoromine, DA (10�4 M) was less
effective in decreasing SH-SY5Y cells oxygen consumption
(20 � 1.4% p < 0.0001 vs. control and p < 0.00 vs. DA without TC).
The DA uptake inhibitor, cocaine (10 mM) almost completely
prevented DA inhibitory effect on respiration (5.2 � 0.6%, p = 0.001
vs. control) (Fig. 2A and B). To further study the role of DA membrane
transporter (DAT) in DA-induced inhibition of respiration, LLC PK1
cells (derived from pig kidney) which lack DAT were compared to
those stably transfected with human DAT (h-DAT). Our results show



Fig. 1. Mitochondrial respiration in the presence or absence of DA, 5-HT and NE. (A) A representative graph of cell respiration and the effect of 5 mM CCCP and 1 mM rotenone.

(B) DA induced dose-dependent inhibition of respiration. (C) 5-HT and NE effects on cells respiration. Respiration was measured during 10 min of incubation

polarographically using a thermostatically controlled (37 8C) Clark oxygen electrode in SH-SY5Y cells. A concentration of 10�4 M was used for all monoamines. Results are

means � SD of 4 experiments. The significant difference between treatments was analyzed by one-way ANOVA F(4,2) = 23.386, p < 0.0006, followed by Bonferroni post hoc test.
*p = 0.01; **p = 0.015 vs. DA.
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that DA significantly inhibits respiration of the h-DAT transfected
cells by 14.6 � 6.1% (p = 0.0001), but not that of LLC PK1 cell (Fig. 2C).

3.2. Intracellular DA concentration

To study whether intracellular concentrations of DA are
increased under our assay conditions and are at a physiological
relevant range, DA was analyzed by HPLC. Basal levels of DA, in
cells suspended in 1 ml serum-free medium and treated with
0.1 mM tranylcypromine, was 0.143 � 0.05 pmol/106 cells. Fol-
lowing incubation with 10�4 M DA for 10 min, intracellular DA
levels increased to 17.1 � 3.8 pmol/106 cells (p < 0.001), therefore
less than 0.1% of the extracellular DA was taken-up by 106 cells.
Although tranylcypromine was used to inhibit MAO, a small
amount of DOPAC was still formed in the presence of 10�4 M DA
and was about 14% of DOPAC formed in the absence of the inhibitor
(2.05 � 0.34 pmol/106 cells vs. 14.64 � 1.8 pmol/106 cells). In the
absence of tranylcypromine intracellular DA concentrations were
10-fold less than that in the presence of the MAO inhibitor, while a
5-fold increase was observed in DOPAC concentrations. In the
presence of cocaine (10�4 M), or both GBR-12909 (10�5 M) and
desipramine (10�5 M) (DAT and NET inhibitors respectively),
intracellular concentrations of DA significantly decreased to
6.33 � 0.99 pmol/106 cells (*p < 0.029) and to 2.12 � 0.53 pmol/
106 cells (**p < 0.019), respectively as compared to DA treated cells
(Fig. 2D).

3.3. Long-term effects of DA on respiration

To verify whether DA effects are long lasting, SH-SY5Y
neuroblastoma cells were exposed to a single or repeated (every
24 h) administration of DA. DA (10�5 M) in the presence of
tranylcypromine significantly decreased oxygen consumption
following 24 h and 48 h of incubation by 41 � 0.1% (p < 0.001)
and 42 � 0.2% (p < 0.007), respectively. Cocaine almost completely
prevented DA induced inhibition of respiration, as after 24 h,
respiration was not significantly different from the control untreated
cells, while significantly different from DA treated cells (13 � 0.02%
p < 0.034 vs. DA). After 48 h, cocaine’s ability to prevent DA induced
inhibition was attenuated as respiration, although not reaching a
significance difference from the control cells, was inhibited by
31 � 0.2%. Moreover, haloperidol (10�5 M), which is an antipsychotic
drug with high affinity to DA D2 receptor and is an inhibitor of
complex I activity, decreased oxygen consumption in viable SH-SY5Y
neuroblastoma cells after 24 h and 48 h of incubation by 32 � 0.1%
(p < 0.013) and 34 � 0.03%, respectively (Fig. 3). Both DA and
haloperidol did not affect cell viability under our various assay
conditions.

3.4. ROS formation in the presence of DA

To determine whether ROS formation is involved in the effects
of DA on respiration, we analyzed superoxide and H2O2 production
in SH-SY5Y cells treated with DA with or without tranycypromine,
either following short- (up to 60 min) or long-term exposure to DA
(up to 48 h). During the 60 min time interval no significant
increase in superoxide production was observed in the presence of
DA. On the contrary, a small but still significant reduction in
superoxide formation (15%, p < 0.0019 vs. control) was observed in
cells treated with 10�4 M DA, with no change in the presence of
10�6 M DA (Fig. 4A). Following 24 and 48 h of incubation with DA,
in the presence or absence of the MAO inhibitor, tranylcypromine,



Fig. 2. Intracellular DA inhibits cellular respiration. (A) A representative graph of SH-SY5Y respiration in the presence of 10�4 M DA, with or without 10�4 M tranylcypromine

(TC) or 10�4 M cocaine. (B) Quantification of the effect of DA on respiration presented in (A). Results are means � SD of 8–10 different experiments. The significant difference

between treatments was analyzed by one-way ANOVA F(4,34) = 42.385, p < 0.0001 followed by Bonferroni post hoc test. *p < 0.002; **p < 0.002; ***p < 0.001 vs. control. p < 0.001

DA vs. DA + TC; DA vs. rotenone; DA + TC vs. rotenone. (C) DA (10�4 M) effect on respiration in LLC PK1 cells and LLC PK1 cells transfected with human DAT. Results are means � SD of

3 experiments. The significant difference between groups was analyzed by Student’s t-test. *p = 0.005. (D) DA intracellular concentrations in cells measured by HPLC. DA intracellular

concentrations were measured in the presence of 10�4 M TC+ 10�4 M DA, 10�4 M cocaine, 10�5 M GBR-12909+ desipramine. Results are means � SD of 4 experiments. The

significant difference between groups was analyzed by one-way ANOVA F(2,11) = 7.344, p < 0.009 followed by Bonferroni post hoc test. *p < 0.029, **p < 0.019 vs. DA.
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superoxides were not formed. Haloperidol significantly increased
superoxide formation only after 24 h (p < 0.0001 vs. DA and vs.
control + tranylcypromine) (Fig. 4B).

H2O2 production was not increased by DA incubation for up to
60 min. On the contrary DA prevented the increase in H2O2

formation following 60 min of incubation (p < 0.0001 vs. control).
Incubation with DA or with haloperidol for 24 h significantly
Fig. 3. DA long-term effects on respiration in SH-SY5Y cells. Respiration rates were

assessed after 24–48 h of incubation with 10�5 M DA with and without

tranylcyoromine, cocaine, or haloperidol. Data are means � SD of 4 experiments

in duplicates. The significant difference between treatments was analyzed by one-way

ANOVA F(5,12) = 14.382, p < 0.000 for 24 h, F(5,10) = 10.065, p < 0.001 for 48 h,

followed by Bonferroni post hoc test, for 24 h *p < 0.002 vs. control; *p < 0.034 vs.

Tc + DA + Coc; *p < 0.001 vs. Tc; for 48 h **p < 0.013 vs. control; ***p < 0.012 vs. control.
increased H2O2 production (148% and 140% respectively of control;
p < 0.0001). Addition of tranylcypromine prevented DA induced
H2O2 production. In the presence of 10�5 M cocaine and
tranylcypromine DA caused a significant increase in H2O2

production (174% of control + tranylcypromine p < 0.0001) fol-
lowing 24 h of incubation, similar to the effect of DA alone at this
time point. This may suggest that extracellular DA is responsible
for the production of H2O2. Interestingly, following 48 h incubation
with DA (with or without tranylcypromine), a significant decrease
in H2O2 production was observed (55% and 61% of control,
respectively, p < 0.0001), suggesting that after 48 h, cellular
protective mechanisms have already been activated (Fig. 4C and
D). In line with the latter is the lack of effect of haloperidol
following 48 h.

3.5. DA effect on respiration driven through complexes I, II or III

In order to study whether DA effect on respiration in intact cells
can be linked to its ability to inhibit complex I activity as previously
observed in disrupted mitochondria [20], cellular oxygen con-
sumption rates were measured while pushing respiration through
each enzymatic complex of the respiratory chain separately
(Fig. 5A). Respiration driven through complex I was inhibited by
DA by 33.3 � 0.07% (p < 0.0006) but not that driven through complex
II or through complex III (Fig. 5B). Similarly, both typical and atypical
antipsychotic drugs specifically inhibited complex I driven mito-
chondrial respiration (Table 2), but had no effect when respiration
was driven through complex II.



Fig. 4. Time dependent DA induced ROS formation in SH-SY5Y cells. DA did not induce the formation of superoxides. H2O2 was formed only after 24 h under conditions that

did not affect cellular respiration. (A) Superoxide formation for up to 60 min of DA exposure. Results are means � SD of 4–6 experiments. The significance of the difference was

analyzed by one-way ANOVA F(3,8) = 19.5; 14.66;14.69 (for 10 min, 30 min and 60 min respectively) p < 0.0001 followed by Bonferroni post hoc test *p < 0.028; **p < 0.019 vs.

control. (B) Superoxide formation after log-term exposure to DA and haloperidol (Hal). Results are means � SEM of 4–6 experiments in triplicates. The significance of the difference

was analyzed by one-way ANOVA F(5,18) = 26.506, p < 0.0001 for 24 h, F(5,18) = 2.86, p < 0.045 for 48 h, Bonferroni post hoc test, 24 h, *p < 0.0001 Hal vs. DA and control + Tc. For

superoxide detection SH-SY5Y cells were loaded with MitoSOX. Cells were incubated with DA with or without TC, haloperidol or rotenone as described in Section 2. (C) H2O2

formation for up to 60 min of DA exposure. Results are means � SD of 4–6 experiments. The significance of the difference was analyzed by one-way ANOVA F(3,8) = 48.95 (for

60 min), p < 0.0001 followed by Bonferroni post hoc test; *p = 0.0001, **p = 0.015 vs. control. (D) H2O2 formation after log-term exposure to DA and haloperidol. Results are

means � SEM of 5 experiments in triplicates. The significance of the difference was analyzed by one-way ANOVA F(5,18) = 131.36, p < 0.0001 for 24 h, F(5,18) = 107.86, p < 0.0001

for 48 h, followed by Bonferroni post hoc test; for 24 h *p = 0.0001 vs. control; **p = 0.0001 vs. control;***p = 0.0001 vs. DA + TC; for 48 h +p = 0.0001 vs. control; ++p = 0.0001 vs.

control + TC. For H2O2 formation SH-SY5Y cells were loaded with H2DCFDA. Cells were incubated with DA with or without TC or haloperidol as described in Section 2.
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3.6. Effects of DA on mRNA and protein expression of

complex I subunits

Our previous studies have shown that the mRNA and protein
expression of complex I subunits were altered in schizophrenia
both in periphery and in post mortem brain specimen [29,32]. In
order to study whether inhibition of cellular respiration following
long-term exposure of cells to DA or haloperidol is associated with
impaired expression of complex I subunits, SH-SY5Y cells were
treated with 10�7 to 10�5 M DA or haloperidol for 6, 24 and 48 h.
Our results suggest that both mRNA and protein levels of all three
subunits were unaffected by DA (Fig. 6A) or by haloperidol
(Fig. 6B). In line with the latter, a single administration of non-toxic
doses of rotenone (0.1 nM), which was shown to inhibit respira-
Table 2
Antipsychotic drugs affect respiration through complex I inhibition.

Drug % Inhibition—complex I % Inhibition—complex II

5 � 10�5 M 10�4 M 5 � 10�5 M 10�4 M

Haloperidol 27.2 � 4.7* 47.6 � 10.0* 0.7 � 0.7 2.9 � 1.8

Clozapine 31.2 � 5.6* 39.9 � 20.8* 10.9 � 1.6 2.6 � 2.4

Chlorpromezine 20.9 � 18.1* 43.8 � 17.3* 6.6 � 3.5 14.9 � 2.1

The significance of inhibition of respiration through complex I by haloperidol,

clozapine and chlorpromazine was calculated by student t-test. Values are

means � SD of 4–6 detections.
* p < 0.00.
tion, had no effect on mRNA levels of complex I subunits in human
neuroblastoma SH-SY5Y cells up to 48 h after treatment (Fig. 6C).
Repeated administration of DA for up to 72 h also had no effect on
mRNA levels of the three subunits of complex I (Fig. 6D).

4. Discussion

The present study provides novel evidence for the ability of
intracellular DA to inhibit mitochondrial function through its
interaction with complex I in intact viable human neuroblastoma
SH-SY5Y cells, which was not associated with the production of ROS.
DA significantly decreased cellular oxygen consumption already 10–
15 min after treatment, in line with previous findings using FACS and
confocal microscopy, demonstrating a significant dissipation of
Dcm by DA, with no effect on cell survival [13,14]. DA inhibitory
effects were intensified by the MAO inhibitor, tranylcypromine,
which increases free intracellular DA concentrations. In line with the
latter, DA-induced impairment of respiration was prevented in the
presence of cocaine, which inhibits DA uptake both by DA and NE
plasma membrane transporters (DAT and NET, respectively). The
role of DAT in DA induced alterations of respiration was further
strengthened by the findings that DA significantly inhibited
respiration of the h-DAT transfected LLC PK1 cells, but had no effect
on the common parental LLC PK1 cells, which lack active biogenic
amines transporters [42,43]. Taken together, these results suggest
that the intracellular DA, which is increased following synaptic
release and reuptake, is involved in mitochondrial dysfunction.



Fig. 5. Oxygen consumption through each of the enzymatic complexes of the

respiratory chain in the presence or absence of DA. (A) A representative graph of the

respiration rates for each enzyme of the respiratory chain. Respiration was assessed

after the permeabilization of cellular membrane with 0.001% digitonin and the

addition of the appropriate substrates and inhibitors as described in Section 2. (B)

Quantification of DA effects after 10 min of incubation on respiration through each

of the complexes. Results are means � SD of 5 experiments. The significant

differences were analyzed by t-test *p < 0.0006.
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Unlike DA, other monoamines had a marginal effect on cellular
respiration. NE showed a small inhibitory effect, which is in line with
NE ability to be taken up by intact isolated mitochondria [13] and to
inhibit complex I activity, although less efficiently than DA [20]. The
limited effect of NE corroborate with the findings that NE had no
effect on intracellular ATP levels in SH-SY5Y cells, as opposed to DA,
which caused a dose-dependent decrease in ATP production [20].
Serotonin had no significant effect on cell respiration, which is
probably due to its inability to be taken up by intact isolated
mitochondria as well as to inhibit mitochondrial complex I activity
[13,20].

Concomitant with the importance of free intracellular DA for
the induction of mitochondrial dysfunction was the significant
increase in intracellular levels of DA measured by HPLC, following
cell exposure to DA. In addition, the prevention of DA inhibitory
effect on respiration by cocaine or by GBR-12909 + desipramine
(specific DAT and NET, respectively) was associated with a
significant decrease in intracellular DA concentrations. Although
tranylcypromine was used to inhibit DA metabolism by MAO, a
small amount of DOPAC was still formed. This finding cannot
exclude the involvement of DOPAC in the inhibition of respiration.
Previous reports showed that DOPAC can inhibit respiration in
isolated mitochondria [17,44], as well as complex I activity in
disrupted mitochondria, though with lower IC50 than DA [20].
However, under our assay conditions, DOPAC levels were about
10% of the amount of intracellular DA, implying that the effect of
DOPAC on respiration was minor.

In the present study, cells were treated with 10�4 M DA. This
concentration is higher than that reported by microdialysis studies
in which extracellular DA concentrations can range between 3 and
750 nM depending on neuronal activation and brain region
[45,46]. Yet it is lower than synaptic concentrations of DA, which
can range between 30 and 100 mM following activation of DA cell
bodies [47]. In addition, in previous studies using SH-SY5Y cells as
well as isolated mitochondria, the concentration generally used for
DA was at the range of 5 � 10�5 to 10�4 M. At such concentrations,
exposure of cells to DA for 12–18 h did not affect cell viability or
caused apoptosis [20,48,49]. Finally, under pathological conditions
which are associated with substantial release of DA, as in
schizophrenia [50], mitochondria enriched nerve terminals are
exposed to high DA levels due to its increased re-uptake and
synthesis [51].

Numerous studies have shown ctyotoxic effects following
exposure of various cell types to DA for 24 h or longer [52–57].
Therefore, the long-term effect of DA on mitochondrial respiration
was studied in cells exposed to repeated DA administration in the
presence of tranylcypromine for 24–48 h. Similar to its immediate
effects, DA significantly decreased oxygen consumption in SH-
SY5Y neuroblastoma cells, which was prevented by cocaine and
was depended on the presence of tranylcypromine. The lack of
effect of DA in the absence of tranylcypromine contradict previous
reports in isolated mitochondria, which suggested that inhibition
of MAO prevents the ability of DA to inhibit mitochondrial
respiration [16,17,49]. This apparent contradiction may be
attributed to the fact that isolated mitochondria react differently
to DA or its metabolites from mitochondria in their natural
surrounding milieu. Likewise, the MAO inhibitor, depranyl, was
previously shown to protect rats from death following intraven-
tricullar injection of DA [19].

Many studies attributed DA deleterious effects on mitochon-
drial function to its catabolism by MAO to H2O2, or due to its auto-
oxidation to reactive quinones [58,59]. In this study however,
exposure of cells to DA was not associated with H2O2 formation.
These results are not totally unexpected as cells were pretreated
with the MAO A and B inhibitor, tranylcypromine, significantly
reducing the formation of DOPAC and therefore also the formation
of H2O2. HPLC results show that under our assay conditions 0.5 mM
DOPAC was formed in cells exposed to DA, indicating that
intracellular levels of H2O2 were elevated by 0.5 mM at most. It
was previously reported that physiological concentrations of H2O2

are in the range of 25–60 mM and that 100 mM H2O2 for at least
1.5 h are needed to induce alterations in Dcm [60]. Following 24 h
of DA incubation, however, H2O2 production was significantly
increased in the absence of tranylcypromine and was normalized
following 48 h of DA treatment. As respiration was not reduced in
the absence of tranylcypromine, these results further support that
H2O2 is not involved in the inhibition of respiration in intact cells
and is probably formed extracellularly as cocaine did not prevent
H2O2 formation. The generation of reactive quinones cannot be
totally excluded. However, DA-induced inhibition of cell respira-
tion was already observed after several minutes, while previous
findings demonstrated that more than 2 h were needed for a
sufficient build-up of the damaging quinones to produce inactiva-
tion of OXPHOS in cells [61]. In addition, it was reported that DA
quinones increase state 4 respiration, which is indicative of proton
leakage across the inner membrane of the mitochondria (uncou-
pling) [49]. If this was the case, we would expect an increase in
oxygen consumption in the presence of DA, which contradicts our
observations.

It is well established that inhibition of the respiratory chain can
also induce the production of superoxides. However, under our
various experimental conditions we could not detect superoxide
formation following both brief and long-term exposure of cells to
DA whether with or without tranylcpromine. This suggests that
either superoxides were not generated in association with DA
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inhibition of respiration, or that the superoxides were detoxified
by mitochondrial or cellular protective mechanisms. Taken
together, the results hitherto point to a ROS-independent
mechanism by which DA interferes with mitochondrial respiration
in cells, which is intensified by the inhibition of MAO.

The present data show that in intact cells, respiration driven
through complex I but not through complex II or complex III was
inhibited by DA. Further support for the involvement of complex I
in DA induced inhibition of respiration, is DA ability to specifically
inhibit complex I activity in disrupted mitochondria, possibly by
interacting at a site located between the binding site for NADH and
the iron-sulfur cluster N1 [20], but not the activity of complexes II,
IV and V [13,20]. Interestingly, we have recently demonstrated that
DA can cross the highly selective mitochondrial inner membrane
and be accumulated by synaptosomal-free, intact, coupled and
Fig. 6. DA and haloperidol effect on mRNA and protein levels of complex I subunits in hum

(A) DA or (B) Haloperidol (Hal). 5 � 10�7 to 10�5 M DA or Hal was applied and mRNA and

and 48 h. DA as well as haloperidol showed no significant effect on mRNA or protein le

Rotenone effect on mRNA levels of complex I subunits. No significant effect on mRNA leve

(0.1 nM) after 24 and 48 h. Data are means � SD of 3 experiments in triplicates. (D) The effec

on mRNA levels of complex I subunits was observed following daily administration of 10�
respiring mitochondria, enabling its interaction with complex I
[13]. Although other sites of interaction between DA and
mitochondria, prior to complex I, cannot be ruled-out based on
our previous findings and the present results, it is conceivable that
DA is able to inhibit complex I, a major determinant of
mitochondrial respiration [62], and can thereby lead to mitochon-
drial dysfunction.

Experimental evidence raises the possibility that DA can also
affect complex I at the level of its subunit expression. For example,
in schizophrenia DA abnormal transmission as well as impair-
ments in mitochondrial genes, including those encoding for
complex I, were reported [31–33,63,64]. Therefore, we tested
whether the long-term effects of DA on respiration are associated
with alterations in three genes encoding for the 24-, 51-, and 75-
kDA subunits of complex I, located at the suggested site of its
an neuroblastoma SH-SY5Y cells. Time dependent effect of a single administration of

protein levels were analyzed by RT-PCR and immunoblotting, respectively after 6, 24

vels of complex I subunits. Data are means � SD of 4 experiments in triplicates. (C)

ls of complex I subunits was observed following a single administration of rotenone

t of repeated administration of DA on mRNA of complex I subunits. No significant effect
5 M DA for up to 72 h Data are means � SD of 3–4 experiments in triplicates.
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interaction with DA. No change was observed in both mRNA and
protein levels of all three subunits of complex I, up to 72 h
following a single or repeated administration of DA. Similarly,
rotenone did not affect mRNA levels of these subunits. However, to
ultimately exclude DA effects on complex I gene expression, longer
exposure to DA may be necessary. Antipsychotic drugs, which are
DA D2 receptor antagonists, have also been shown to directly
inhibit complex I activity both in experimental models and in
human tissue [21–24,65]. Similar to DA and rotenone, exposing cell
for up to 48 h to the typical potent antipsychotic drug haloperidol
had no effect on mRNA and protein levels of the three subunits of
complex I. However, both haloperidol and clozapine, typical and
atypical antipsychotic drugs, respectively, specifically inhibited
complex I driven mitochondrial respiration, but not that through
complex II. These findings may explain the decrease observed in
complex I driven respiration in peripheral blood mononuclears
isolated from schizophrenic patients chronically treated with
haloperidol [66,67]. Interestingly, two main mechanisms have
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been suggested for haloperidol-induced effect. One involves a
direct inhibition of complex I by haloperidol pyridinum metabolite
(HPP+) with structural similarities to the dopaminergic neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [68,69].
The other mechanism involves the oxidation of protein essential
thiol groups to disulfides by haloperidol [65,67]. We therefore
suggest that similarly to haloperidol, DA can also interfere with
mitochondrial respiration in a dual manner, via the formation of
ROS or by a direct interaction with complex I. The former was
suggested as a possible mechanism for the neurodegenerative
processes associated with Parkinson’s disease. However, via the
latter mechanism DA can modulate mitochondria dependent
intracellular Ca2+ buffering and ATP formation, which are highly
important for neuronal activity. Neuronal activity can monitor
synaptic connectivity associated with adaptive changes in emo-
tional and cognitive function. It is therefore tempting to
hypothesize that abnormal DA–complex I interaction may be a
part of the pathological processes observed in non-degenerative
disorders such as schizophrenia.
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