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Abstract

The neurotransmitter dopamine causes DNA damage, oxidative stress and is involved in the
pathology of neurological diseases. To elucidate this potential link we investigated the
mechanism of dopamine-induced DNA damage. We studied the role of the dopamine
transporter (DAT) in MDCK and MDCK-DAT cells, containing the human DAT gene. After
treatment with dopamine, only MDCK-DAT cells showed elevated chromosomal damage
and dopamine uptake. Although stimulation of dopamine type 2 receptor (D,R) with quin-
pirole in the absence of dopamine did not induce genotoxicity in rat neuronal PC12 cells,
interference with D,R signaling by inhibition of G-proteins, phosphoinositide 3 kinase and
extracellular signal-regulated kinases reduced dopamine-induced genotoxicity and affected
the ability of DAT to take up dopamine. Furthermore, the D,R antagonist sulpiride inhibited
the dopamine-induced migration of DAT from cytosol to cell membrane. To determine
whether oxidation of dopamine by monoamine oxidase (MAO) is relevant in its genotoxic-
ity, we inhibited MAO, which reduced the formation of micronuclei and of the oxidative
DNA adduct 8-0xodG. Overall, dopamine exerted its genotoxicity in vitro upon transport
into the cells and oxidation by MAO. D,R signaling was involved in the genotoxicity of
dopamine by affecting activation and cell surface expression of DAT and hence modulating

dopamine uptake.

INTRODUCTION

Dopamine neurotransmission is associated with motor function,
emotional behavior and stress responsiveness (22, 28). Abnormali-
ties in the dopamine level contribute to a variety of human neuro-
logical conditions, including attention-deficit/hyperactivity disor-
der (ADHD), Parkinson’s disease (PD) and schizophrenia (42) as
well as cardiovascular insufficiency and renal failure (16). Upon
completion of neurotransmission, dopamine signaling is termi-
nated by uptake of extracellular dopamine via the dopamine trans-
porter (DAT), a membrane spanning protein that belongs to the
family of Na* and CI” co-transporters. As biosynthetic recovery of
DAT in vivo requires considerable time (18), another faster mecha-
nism of DAT regulation seems to be necessary to respond to the
need for fast clearance of the synaptic cleft. It has been shown that
signaling from dopamine receptors and second messengers alters
DAT activity and extent of membrane localization. Dopamine type
2 receptor (D,R) is a pertussis toxin sensitive G protein-coupled
receptor (GPCR). Through the GPCR signaling, D,R is able to
activate a number of kinases in the cell. Via phosphorylation, these
kinases can regulate DAT. Activation of protein kinase C for
example is associated with redistribution of DAT from membrane
to cytosol and hence decrease of transporter activity (38). Also, it
has been reported that activation of extracellular signal-regulated
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kinases 1 and 2 (ERK1/2) (45) and phosphoinositide 3 kinase
(PI3K) increases the transporter activity (11).

Once dopamine is transported into the cell, it is readily
oxidized in the presence of molecular oxygen to produce hydrogen
peroxide (H>O,) and a quinone. Furthermore, dopamine is also
deaminated enzymatically by MAO to form H,O, and 3,4-
dihydroxyphenylacetaldehyde, which is then oxidized by aldehyde
dehydrogenase and produces 3,4-dihydroxyphenylacetic acid
(DOPAC). DOPAC is finally methylated by catechol-O-methyl
transferase (COMT) and gives the final product homovanillic acid
(HVA) (26). Thus the oxidation of dopamine via autoxidation and
enzymatic pathways results in the production of H,O, and other
reactive oxygen species (ROS).

The damaging effects of ROS have been well described. ROS
can affect almost all biological macromolecules of cells (41). Their
effects on DNA range from oxidized bases to single and double
strand breaks (39). The occurrence of strand breaks can result in the
formation of micronuclei, which are analyzed as an endpoint in
routine genotoxicity testing of substances and human cytogenetic
biomonitoring. A micronucleus that is formed during mitosis con-
tains chromosome fragments or whole chromosomes that are
unable to migrate to the spindle poles during anaphase. Later in
telophase, these structures gain their own nuclear membrane and
resemble a small nucleus, hence the name micronucleus (17).
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We have previously described the induction of genomic damage
by dopamine in cell lines with different tissue origin including rat
pheochromocytoma PC12 cells (52). Using the micronucleus
frequency test, we reported that combination of dopamine with
sulpiride, a DR antagonist, or any of the two DAT inhibitors GBR
12909 and nomifensine, hindered the genotoxic effect of dopam-
ine, implying a role of D-R and DAT in the genotoxicity of dopam-
ine. Recently, we reported that in the lymphocytes of PD patients
who received a dopamine agonist together with the dopamine pre-
cursor L-DOPA a correlation between the daily dose of consumed
L-DOPA with the number of micronuclei and also with the level of
8-0x0dG DNA alterations was detectable (47), whereas no correla-
tion was observed in the absence of dopamine agonist. The current
study was conducted to scrutinize the pathways involved in
dopamine-induced genotoxicity.

MATERIALS AND METHODS

Material

If not mentioned otherwise, all chemicals were purchased from
Sigma-Aldrich (Taufkirchen, Germany). The ERK activation
inhibitor peptide was purchased from Calbiochem (Darmstadt,
Germany), pertussis toxin was purchased from Enzo Life Sciences
(Lorrach, Germany).

Cell culture

PC12, a rat pheochromocytoma cell line with many properties
of primary sympathetic neurons, was obtained from Dr. P. Tas,
Department of Anesthesiology, University of Wuerzburg,
Germany, and cultured in RPMI 1640 supplemented with 10%
horse serum, 5% fetal calf serum, 2 mM L-glutamine and 1% anti-
biotics.

MDCK, Madin-Darby Canine kidney cells were purchased from
ATCC and maintained in MEM with Earl’s salts supplemented
with 10% fetal calf serum and 2 mM L-glutamine.

MDCK-DAT cells, MDCK cells transfected with the human
dopamine transporter DAT (23) were a gift from Prof G. Rudnick,
Department of Pharmacology, Yale University School of Medicine,
Atlanta, Georgia, and were maintained in the same medium as
MDCK cells. Occasionally, 0.9 g/ of G418 was added to the
medium to ensure the presence of the transfected gene.

If not mentioned otherwise, all genotoxicity tests were
performed in PC12 cells. MDCK and MDCK-DAT cells were
used to investigate the effect of DAT transfection on dopamine-
induced genotoxicity. The immunocytochemistry staining (DAT
localization) was also performed in MDCK-DAT cells because
PCI12 cells did not grow well on the cover slips. The quantifica-
tion of dopamine in cell lysate was also conducted in MDCK-
DAT cells because of the inherent ability of PCI12
cells to produce dopamine (7, 36), which interfered with our
measurements.

Micronucleus frequency test

In 5 mL medium, 1 x 10° cells/mL were incubated with test sub-
stances. After 4 h, medium was removed and replaced by fresh
culture medium containing cytochalasin B (2 pg/mL). This
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inhibitor of actin polymerization blocks the separation of daugh-
ter cells but not of daughter nuclei, yielding binucleated cells. By
limiting analysis to such binucleated cells, it can be ensured that
these cells have actively divided since the treatment. After a
further 20 h (MDCK, MDCK-DAT) or 48 h (PC12), cells were
harvested, applied onto glass slides by cytospin centrifugation
and fixed in methanol (-20°C) for at least 2 h. Before counting,
cells were stained for 3 minutes with acridine orange
(62.5 uL/mL in Serensen buffer, pH 6.8), washed twice with
Serensen buffer (15 mM Na,HPO, and 15 mM KH,PO,, pH 6.8)
and mounted for microscopy. A representative picture of a micro-
nucleus in a binucleated PC12 cell is illustrated in Figure 1A.
From each of two slides, 1000 binucleated cells were evaluated
for cells containing micronuclei and the average was calculated.
We rarely observed more than one micronucleus per cell under
these conditions. In addition, the cytokinesis-block proliferation
index, CBPI (number of mononucleated cells +2 X number of
binucleated cells + 3 X number of multinucleated cells)/(sum of
mononucleated, binucleated and multinucleated cells), was
determined from 1000 cells of each sample. For substance com-
binations, concentrations that were described as effective in the
literature and had been found non-toxic in preliminary experi-
ments were applied. To exclude interference of potential antioxi-
dant capacity of the compounds used for pharmacological
inhibition of the D,R signaling pathway with ROS-induced geno-
toxicity quantification, all the inhibitors and antagonists were
tested for antioxidant activity using the ferric-reducing antioxi-
dant power (FRAP) method (1). However, none of the used com-
pounds showed any antioxidant capacity in this assay (data not
shown).

RNA isolation and Real-time PCR

The expression of mRNA was detected using the reverse transcrip-
tion polymerase chain reaction (RT-PCR). Total RNA was isolated
from the cells with the RNeasy Mini Kit (Qiagen, Hilden,
Germany) and 2.0 ug of RNA was used for cDNA synthesis
using Verso cDNA Synthesis Kit (Thermo Scientific, Schwerte,
Germany). The following primers were used for amplification of
the dopamine receptors and the house keeping gene porphobilino-
gen deaminase (PBGD): DAT forward 5-CTG ACC AAC TCC
ACC CTC AT-3’, DAT reverse 5'-CAC AGG TAG GGA AAC CTC
CA-3’ (146 bp), PBGD forward 5"-ACA ACC GCG GAA GAA
AAC-3, PBGD reverse, 5’- AGC ATC GCT ACCACA GTGTC-3’
(101 bp). Annealing temperature was 54°C. All primers were
designed with the program Primer3 (51). Real-time PCR was
conducted on the Light Cycler® 480 instrument (Roche Diagnos-
tics GmbH, Mannheim, Germany) and the data were analyzed
with the Light Cycler® 480 software release 1.5.0 SP3 (version
1.5.0.39).

Immunocytochemistry staining

For immunocytochemistry staining the cells were cultured on cover
slips and treated the day after. After treatment the cells were
washed with phosphate-buffered saline (PBS) containing 1 mM
MgCl, and 0.1 mM CaCl, (PBS/Mg/Ca) and fixed in cold metha-
nol for 10 minutes. The cells were then rehydrated for 5 minutes
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Figure 1. A. A representative picture of a micronucleus in a binucleated
PC12 cell. B. Dopamine-induced genotoxicity quantified by the micro-
nucleus frequency test in MDCK and MDCK-DAT (transfected with
human dopamine transporter gene) cells after incubation with dopam-
ine. Displayed are averages with standard deviations of three indepen-
dent experiments. *P = 0.05 vs. control (Mann-Whitney U-test). C.

in PBS/Mg/Ca and then incubated in permeabilization buffer
(PBS/Mg/Ca plus 0.3% Triton X-100 and 0.1% bovine serum
albumin) for 15 minutes. The blocking of unspecific proteins was
performed in 16% FCS, 0.3% Triton X-100, 0.45 M NaCl and
20 mM sodium phosphate pH 7.4. After blocking, the cells were
incubated with monoclonal anti-DAT antibody (Santa Cruz Bio-
technology, Heidelberg, Germany) diluted 1:100 in blocking
buffer with gentle shaking for 1 h. After three times washing with
permeabilization buffer, FITC labeled goat anti rat antibody
(Santa Cruz Biotechnology) was added (1:200 in blocking buffer)
for 1 h. The cells were then washed three times with permeabili-
zation buffer followed by a final washing step with 5 mM sodium
phosphate, pH 7.5 for 5 minutes. The cover slips were mounted
on slides using Confocal-Matrix ® (Micro Tech Lab, Graz,
Austria) and examined and photographed by Leica TCS SP5 con-
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Mass spectrometry graphs of dopamine analysis in MDCK and
MDCK-DAT cells upon incubation with 100 uM dopamine for 30 min.
Only MDCK-DAT cells (harboring the human dopamine transporter)
show a peak for dopamine (retention time 2.97 minutes) in the
cell lysate. Abbreviations: MN cells = micronucleated cells, BNC =
binucleated cells, DA = dopamine.

focal microscope (Leica, Wetzlar, Germany), which was equipped
with LAS AF software (Leica). The pictures were then analyzed
using ImagelJ software (http://rsbweb.nih.gov/ij/) and the mem-
brane to cytosol ratio of DAT was quantified. Because the mem-
brane localization of DAT in polar cells like MDCK-DAT is not
homogenous (23), we decided to measure the fluorescence inten-
sity of four different regions of the membrane. For each cell, the
fluorescence intensity of an 8 X 8 pixel box from four regions of
the cell membrane at 12, 3, 6 and 9 o’clock of the cell was mea-
sured. The fluorescence intensity of four similar boxes from the
cytosol region in close vicinity to the membrane boxes was also
quantified. Then, the ratio of the average intensity of the mem-
brane boxes to the average intensity of the cytosol boxes was cal-
culated for each cell. For each treatment 50 cells were analyzed.
This procedure is illustrated in Figure 5G.
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Quantification of dopamine in cell lysate using
mass spectrometry

The measurement of dopamine was performed according to Gu
et al. (24) with some modifications. Briefly, the cells were har-
vested and pellets were spiked with the fixed amount of 1 g
internal standard isoproterenol to all the samples and lysed with
10% methanol in water containing 0.1% v/v formic acid. An
aliquot of this suspension was used for Bradford protein concen-
tration determination. The rest of the cell lysate was then filtered
through 10 kD filters (Amicon, Millipore, Tullagreen, Ireland).
Then 10 uL of the prepared sample was loaded onto Reprosil
C-18 AQ (150 x2 mm; 3 um) column using an auto sampler
(Agilent 1100 series, Agilent GmbH, Waldbronn, Germany). The
isocratic method was used to achieve the desired sample separa-
tion. 10% (v/v) methanol in water containing 0.1% v/v formic
acid at a flow rate of 200 uL/min was delivered by a quaternary
pump (Agilent 1100 series). The eluted sample from the HPLC
system was introduced into the turbo ion spray source of an API
3000 triple-quadrupole mass spectrometer (Applied Biosystems,
Darmstadt, Germany), operating in the positive ion mode, using
nitrogen as the nebulizing gas and with the turbo gas temperature
set at 350°C. The multiple reaction monitoring (MRM) condi-
tions were obtained for the fragmentation of dopamine (m/z) 154
to 91 and isoproterenol (m/z) 212 to 107. The nebulizer and
curtain gas flow rate were set at 12 arbitrary units. The collision
assisted dissociation gas and turbo gas were set at four arbitrary
units for both. The collision energy was set at 15 and 30 eV for
dopamine and isoproterenol, respectively, nitrogen used as a col-
lision gas. The retention time for dopamine and internal standard
isoproterenol was about 2.8 (£10%) and 4.5 (£10%) minutes,
respectively, the total run time was 7 minutes. The system was
controlled by analyst® software 1.4.1 (Applied Biosystems). The
standards were prepared as described by Gu efal. (24). The
values of dopamine were normalized to protein concentration
determined using Bradford’s method.

Measurement of released H.0; in medium

H,0, measurement was conducted according to the method
described by Pick et al. (49) with some modifications. PC12 cells
were cultured the day before the experiment. The cells were
washed with PBS and then covered with phenol red solution
(140 mM NaCl, 10 mM potassium phosphate buffer, pH 7.0,
5.5 mM dextrose, 0.56 mM phenol red and 19 U/mL horse radish
peroxidase). The cells were then treated with PBS (negative
control), 100 uM of dopamine or 1.56, 3.13, 6.25 and 12.5 uM of
H,O (for standard curve) for 30 minutes. At the end of treatment
the cells were collected and centrifuged. The supernatant was col-
lected in a new tube and 1N NaOH was added. The absorbance
of this solution was read at 600 nM. To account for directly
dopamine-mediated absorption at the applied wavelength,
100 uM of dopamine was added to the supernatant of a negative
control sample and the measured absorbance (never more than a
few percents of the total absorbance) was subtracted from absor-
bance of the dopamine-treated samples. The pellet was used for
determination of protein concentration. The amount of released
H,0, was calculated from the standard curve and was related to
protein content of each sample.
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Quantification of the oxidatively modified DNA
base 8-oxodG

Genomic DNA was extracted as described elsewhere (47). The
concentration of DNA was determined by measuring absorbance at
260 nm and protein contamination was checked by measuring
absorbance ratio of A260/A280. Samples with the ratioof 1.6 to 1.8
were considered acceptable. DNA hydrolysis of approximately
20 ug of DNA spiked with 2.82 pmol of ['*Ns] 8-oxodG was per-
formed as described by Chao ez al. (12).

100 uL of DNA samples were loaded on the trap column using
an auto sampler (Agilent 1100 series) and the content of 8-oxodG
was quantified as reported elsewhere (8, 12).

Statistics

Statistical calculations were performed using Statistica 8 [StatSoft
(Europe) GmbH, Hamburg, Germany]. If not mentioned other-
wise, data from at least three independent experiments * standard
deviation are depicted. Statistical significance among multiple
groups was tested with Kruskal-Wallis test. Individual groups
were then tested using the Mann—Whitney U-test and results were
considered significant if the P value was =0.05. For quantification
of immunocytochemical data (DAT localization) Student’s 7-test
was used. The P value of =0.05 was considered significant.

RESULTS

Dopamine-induced micronucleus formation in
NMDCK and MDCK-DAT cells

In order to confirm the role of DAT in dopamine-induced genotox-
icity, we tested different concentrations of dopamine ranging from
6.25 to 100 uM in MDCK and MDCK-DAT cells in the micro-
nucleus frequency test (Figure 1B). While MDCK cells did not
show any genotoxic response to dopamine in the range of concen-
trations that we applied, MDCK-DAT cells, which are transfected
with the human DAT gene, showed a dose-dependent increase in
micronucleus formation.

Activity of DAT in MIDCK-DAT cells

To confirm the activity of DAT in MDCK-DAT cells, we measured
the concentration of dopamine in the cell lysate using LC-MS/MS
after treatment of MDCK and MDCK-DAT cells with 100 uM of
dopamine for 30 minutes (Figure 1C). In MDCK cell lysate no
peak from dopamine was recognized at the detection limit of
3.9 ng/mL (signal to noise ratio: 1.2) whereas the analysis of
MDCK-DAT-lysate revealed a distinguishable peak for dopamine
with signal to noise ratio of 159, showing that the latter cells were
able to take up dopamine.

Stimulation of D;R

We have previously shown that co-incubation of PC12 cells with
dopamine and the high affinity D,R antagonist sulpiride hindered
the micronucleus formation induced by treatment with dopamine
alone, which allowed us to conclude that D,R signaling contributes
to the genotoxicity of dopamine (52). To investigate if activation of
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DsR signaling alone is enough to cause genotoxic damage even in
the absence of dopamine, we stimulated D,R with quinpirole, a
widely used D,R and D3R agonist. As illustrated in Figure 2A, the
indicated concentrations of quinpirole of up to 50 uM did not
induce the formation of micronuclei.

DAT expression

We performed real-time analysis of DAT expression after quin-
pirole treatment to question if D,R activation with quinpirole in the
concentrations that failed to induce micronucleus formation affects
DAT expression level. The PC12 cells were treated with quinpirole
and total RNA was extracted and cDNA was produced. Afterward
the expression of DAT was quantified (Figure 2B). Our results
showed that the expression of DAT increases significantly after 2
and 4 h.

Inhibition of D,R-related intracellular signaling

To identify components of the D,R-signaling pathway involved in
genotoxicity of dopamine, first, the Gy, protein inhibitor pertussis
toxin was applied to block the signaling from D,R in PC12 cells.
Figure 3A shows that the combination of 0.2 and 2 ng/mL of per-
tussis toxin with dopamine significantly reduced the genotoxicity
of dopamine in the micronucleus frequency test.
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Next, the role of PI3K and ERK1/2 inhibition was investigated,
as it has been reported that activation of D,R can activate PI3K and
ERK1/2. A number of studies have revealed that the activity of
these kinases can ultimately affect redistribution of DAT from the
cytosol to the membrane. To elucidate the role of these kinases in
the pathway of genotoxicity of dopamine, we inhibited PI3K and
ERK1/2 and evaluated the dopamine-induced micronucleus forma-
tion in PC12 cells. PI3K was inhibited using the specific inhibitor
wortmannin. Concentrations of 0.1 and 1 UM were able to decrease
the number of dopamine-induced micronuclei (Figure 3B).

Activation of ERK1/2 was inhibited using an ERK1/2 activation
inhibitor peptide that was first developed by Kelemen et al. (33).
This membrane permeable peptide selectively binds to ERK and
prevents its interaction with MEK (MAP kinase kinase) and
thereby has no effect on Jun N-terminal kinases (JNKs) or p38
MAP kinase. The inhibitory peptide was able to impede the
damage to the genetic material, which was induced by dopamine
alone (Figure 3C). Thus, PI3K and ERK1/2 both contribute to the
genotoxicity of dopamine.

Mass spectrometric analysis of dopamine
content in the cell lysate

For further support of the results from the genotoxicity experi-
ments, we analyzed the effect of antagonizing D,R and inhibiting
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DAT, PI3K and ERK1/2 on the ability of the MDCK-DAT cells to
take up dopamine. Therefore, the cell lysate was analyzed for
dopamine using HPLC/MS (Figure 4). As expected, no dopamine
was detected in the untreated sample. The dopamine amount from
the sample treated with dopamine alone was considered 100% and
the combination treatments were compared with this value. The
DAT inhibitor nomifensine (30 M) almost completely abrogated
dopamine uptake (7.40 = 0.51%). The D,R antagonist sulpiride
(10 uM) was also able to affect DAT function and reduced dopam-
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ine uptake partially (66.97 * 23.24%). Also, inhibition of PI3K
(1 uM of wortmannin) and ERK1/2 activation (30 uM of activa-
tion inhibitor peptide) resulted in reduction of DA uptake to
59.29 *+ 23.68% and 43.79 * 15.87%, respectively.

Immunocytochemical staining of DAT

Treatment of MDCK-DAT cells with 100 uM of dopamine for 5
and 15 minutes (Figure 5B,C) led to an increase of DAT migration
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from the cytosol to the membrane in comparison with untreated
cells (Figure 5A), where DAT is more distributed throughout the
cytosol. Pretreatment of the cells with 10 uM of sulpiride for 10
minutes prevented this migration and resulted in equal distribution
of DAT in the cytosol and membrane regions (Figure 5D,E).
Figure 5F shows that treatment with 50 uM of quinpirole for 15
minutes resulted in an increased localization of DAT in the cell
membrane. The manner of quantification (5G) of DAT distribution
between cytosol and membrane and the results of that (SH) are
illustrated.

Measurement of released H,0.

To assess the release of H,0, after dopamine treatment, a photo-
metric determination of the H,O, concentration of the supernatant
of dopamine-treated cells was performed according to the method
of Pick et al. (49) with slight modifications. To account for cell
number, the values were related to the protein content of the treated
cells. The amount of H,O; in the supernatant of untreated cells was
considered as the basal level. The cells that were treated with
100 uM dopamine released 5.21 * 3.59 umol H,O, per milligram
of protein content in addition to the basal level.

MAO inhibition

Dopamine in the cells is either metabolized by the enzyme
monoamine oxidase (MAO), other oxidizing enzymes or under-
goes autoxidation. To distinguish whether any of these options is
relevant in the genotoxicity of dopamine, we inhibited MAO with
50 UM of the MAO inhibitor trans-2-phenylcyclopropylamine
hydrochloride (PCPA) and also with 1 uM of the MAO B specific
inhibitor Ro 16-6491 in PC12 cells (Figure 6A,B). Both com-
pounds reduced the number of micronuclei induced by dopamine,
indicating that oxidation of dopamine by MAO is likely to play a
role in genotoxicity of dopamine. Once dopamine is metabolized
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by MAO, semiquinones, quinones and ROS are produced, which all
are potentially able to damage cellular DNA. We used another
substrate of MAO, 1-phenylethylamine (PEA) with a similar struc-
ture to dopamine, which can be metabolized to ROS but not to
semiquinones or quinones (Figure 6C). PEA induced micronuclei
in PC12 cells, though not as many as dopamine, implying that ROS
formation plays a role in dopamine genotoxicity, but semiquione-
and quinone-formation may also contribute.

Analysis of 8-oxodG

To investigate if dopamine treatment can also lead to oxidative
DNA alterations, we looked for the formation of 8-0xodG, which is
the most common oxidative base modification. As illustrated in
Figure 6D, PC12 cells treated with 100 uM of dopamine for 4 h
showed an almost three fold increase of 8-oxodG level. This effect
was prevented using 50 UM of MAO inhibitor, PCPA, which points
to the involvement of MAQO in formation of 8-oxodG.

DISCUSSION

Recently we reported that dopamine treatment can cause induction
of micronuclei in cell lines of different tissue origin. The highest
sensitivity was observed in the neuronal-like cell line PC12 (52).
We found a reduction of the genotoxicity of dopamine after
co-treatment of the cells with dopamine together with antioxidants,
a D,R antagonist and DAT inhibitors. The current study was con-
ducted to elucidate the role of D,R signaling and DAT in the
dopamine-induced genotoxicity further. MDCK-DAT cells that
were transfected with human DAT (23) but not untransfected
MDCK cells were able to take up dopamine that was added to their
medium and then form micronuclei. This strong evidence of the
role of DAT in dopamine-induced DNA damage is in agreement
with our previous results from pharmacological inhibition of DAT
using GBR12909 and nomifensine (52). The D, like receptor
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Figure 5. Immunocytochemical staining of MDCK-DAT cells for the
localization of the dopamine transporter protein (DAT). (A) Untreated
cells, (B) Dopamine 100 uM for 5 minutes, (C) Dopamine 100 uM for 15
minutes, (D) 10 minutes of incubation with 10 uM of sulpiride followed
by 5 minutes of incubation with 100 uM of dopamine, (E) 10 minutes of
incubation with 10 uM of sulpiride followed by 15 minutes of incubation
with 100 uM of dopamine, (F) Quinpirole 50 uM for 15 minutes. (G)
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Schematic representation of a cell to show the boxes used for quantifi-
cation of localization of the dopamine transporter (DAT) in the cell mem-
brane and the cytosol. (H) Quantification of the ratio of DAT localization in
membrane and cytosol. Displayed in 5H is the average with standard
deviation of 50 evaluated cells. *P = 0.05 vs. control, TP = 0.05
vs. 5-minute dopamine-treated sample, & P=0.05 vs. 15-minute
dopamine-treated sample (Student’s T-test).
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Figure 6. Micronucleus induction after treatment of PC12 cells with
100 uM of dopamine with or without co-incubation with 50 uM of the
monoamine oxidase inhibitor trans-2-phenylcyclopropylamine hydro-
chloride (PCPA) (A) or 1T uM of the MAO B specific inhibitor Ro 16-6491
(B). (C) Micronucleus induction by the indicated concentration of
monoamine oxidase substrate 1-phenylethylamine (PEA). Proliferation
index is illustrated on the right axis to ensure that all the samples equally
underwent proliferation. (D) Mass spectrometric quantification of
8-0xodG after treatment of PC12 cells with 100 uM of dopamine with or

agonist quinpirole was not capable of inducing any genotoxic
response in the absence of dopamine, which supports the idea that
D,R signaling itself is not genotoxic, but is involved in the
dopamine-induced genotoxicity. The inability of quinpirole to
induce micronucleus formation cannot be attributed to low concen-
tration of the compound because the same concentration was able
to induce DAT migration to the membrane (Figure 5F) and also to
upregulate DAT mRNA in real-time PCR experiments (Figure 2B).

The expression of D,R and DAT in axonal terminals is an ana-
tomical hint for potential interaction between these two proteins
(27). Among neurotransmitters, transporter internalization and
trafficking are common mechanisms of rapid regulation of trans-
porter function. For example, it has been reported that PKC is
involved in activation and cell surface expression of serotonin
transporter (4, 50). Many other reports provide evidence about the
role of kinases in the regulation of DAT (5, 37, 45, 55). Activation
of PKC is reported to decrease the Via of dopamine transport with
no change in the affinity of the transporter for dopamine (15) and
also to redistribute the localization of DAT from cell membrane to
cytosol (38, 45). On the other hand PI3K and MAPK are reported
to promote cell surface expression of DAT and therefore enhance
dopamine uptake (11, 45). It has been suggested by others that
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without co-incubation with 50 uM of the monoamine oxidase inhibitor
trans-2-phenylcyclopropylamine hydrochloride (PCPA). Displayed are
averages with standard deviations of three independent experiments in
A-C; D shows the average with standard deviation of two (negative
control) or three (dopamine and dopamine + PCPA treated) independent
experiments conducted in parallel. *P = 0.05 vs. dopamine-treated
sample (A, B and D) or vs. control (C) (Mann-Whitney U-test). Abbrevia-
tions: MN cells = micronucleated cells, BNC = binucleated cells.

stimulation of D,R leads to activation of ERK and PI3K in a pertus-
sis toxin sensitive manner (10). The latter implies the contribution
of G, proteins, which are coupled to D,R. Several reports have
already proved the expression of ERK and PI3K in PC12 (21, 29,
31, 53) and MDCK cells (30, 34, 54), which made these two cell
lines suitable for our study.

Confirming the involvement of D,R signaling in dopamine-
induced DNA damage, a combination of pertussis toxin with
dopamine treatment was performed, which reduced the dopamine-
mediated micronucleus formation. Inhibition of ERK activation
was conducted by applying a short cell-permeable peptide that
corresponds to the N-terminus of MEK (MAP kinase kinase). This
membrane permeable peptide selectively binds to ERK and pre-
vents its interaction with MEK and thereby has no effect on JNKs
or p38 MAP kinase, which makes it more suitable for specific
inhibition of ERK activation in comparison with the common phar-
macological inhibitors (33). Inhibition of ERK activation reduced
the genotoxic effect of dopamine, which can be attributed to the
decreased ability of DAT to take up dopamine (44% in MDCK-
DAT cells upon ERK inhibition). Inhibition of PI3K by wortman-
nin also reduced the dopamine-induced DNA damage and mea-
surement of dopamine uptake after wortmannin treatment also
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showed a decrease to 59%, which may account for the impeded
genotoxic damage.

We also observed a reduction of dopamine uptake after treatment
with the D,R antagonist sulpiride (to 67%). This reduction con-
firmed our results from immunocytochemistry where we could
show that sulpiride was able to reduce dopamine-induced migra-
tion of DAT from the cytosol to the membrane. This agrees with
another report describing the effect of D,R antagonism on DAT
localization using other methods (40).

Our results from reduction of DAT activity after PI3K inhibition
are in accordance with some previous reports (11) but Bolan and
co-workers (5) suggested that DAT regulation by D,R is PI3K
independent. It is important to consider that our observation here is
probably the mixed effect of D,/Ds receptors. Regulation of DAT
by D, and Ds receptors may take place at least in part through
different mechanisms (55). The last report also stresses that inhibi-
tion of PI3K does not influence phosphorylation of MAPK induced
by Ds signaling. Therefore, the effect of PI3K on DAT regulation
can be considered MAPK independent. In our model we cannot
distinguish between the roles of D, or D; receptors in the genotox-
icity of dopamine. More investigations would have to be conducted
to clarify this aspect.

It has been demonstrated by others that the oxidation of dopam-
ine via enzymatic pathways (for example by MAO) as well as
autoxidation leads to the production of ROS (3, 9). We also con-
firmed the release of H,O, by PC 12 cells into the culture medium
after dopamine treatment. Our results using two different MAO
inhibitors and dopamine in the micronucleus frequency test
provide evidence that ROS production after MAO-dependent oxi-
dation of dopamine plays the major role in the genotoxicity of
dopamine, although autoxidation may add to this. MAO deami-
nates dopamine in the cytoplasm and produces H,O, as by-product.
H,0, itself might damage the biological macromolecules of the
cell. In the presence of ferrous ions it is reduced to the highly
reactive hydroxyl radicals through the Fenton reaction (2), which
can attack nucleic acids, lipids and proteins in the cells directly or
be converted to other radicals, which all are potentially capable of
damaging DNA as well as other biomolecules. The hydroxyl
radical produces the altered DNA base 8-oxodG, which is an
important biomarker for oxidative stress (41) and also the most
abundant oxidative DNA lesion (13). Our mass spectrometry mea-
surements revealed that treatment of PC12 cells with dopamine led
to a significant increase in 8-0xodG level. This elevated level of
8-0x0dG was prevented when the MAO inhibitor PCPA was used
in combination with dopamine, showing that dopamine-induced
8-0x0dG formation in this cell line is MAO dependent. Because of
base mispairing 8-0xodG can lead to G : C to T : A transversions
after replication, representing point mutations (13, 19).

PEA has a structure similar to dopamine with the exception of
two hydroxyl groups lacking on the phenyl ring. This difference in
structure inhibits PEA from producing quinones and semiquinones
after being deaminated by MAO but not from production of H,O,
(32). PEA was able to induce micronucleus formation in PC12
cells suggesting that the genotoxicity of dopamine may be caused
by production of ROS. As the effect of PEA was not as high as that
of dopamine, formation of quinones and semiquinones may also be
involved.

The relationship between ROS production and carcinogenesis
(25, 35) as well as age-related diseases has been well studied (26,

246

Fazeli et al

44, 48). Recently, micronucleus formation in peripheral blood lym-
phocytes has been correlated with cancer risk (6, 46). There is
evidence that PD patients show a higher number of micronuclei in
their lymphocytes (43). A second study using comet assay has also
demonstrated elevated amounts of oxidative DNA damages in the
lymphocytes of PD patients before L-DOPA therapy (14). We also
have investigated lymphocytes of PD patients under high dose
L-DOPA therapy (47).The results showed that in the patients who
received L-DOPA together with a dopamine receptor agonist, there
is a positive correlation between the daily dose of L-DOPA and the
number of micronuclei as well as with the level of 8-oxodG DNA
alterations, which agrees with our hypothesis for the role of
dopamine receptor signaling in the genotoxicity of dopamine in
vitro. These correlations were absent (micronucleus frequency) or
negative (8-0xodG level) in the patients who were treated with
L-DOPA alone.

Several other groups have measured the physiological and
pathophysiological concentration of dopamine in plasma or other
body fluids. The values for physiological concentrations lie usually
in the nanomolar range but these values can change extremely
under pathophysiological conditions. One study reports values
around 20 and 35 UM in blood and cerebrospinal fluid, respectively,
of elderly individuals that were suspected for Alzheimer’s disease
(20). In vitro we have shown that in some cell lines even the dopam-
ine concentration of 6.25 UM can lead to significant DNA damage
(52). It still needs to be determined whether and at which concen-
tration of dopamine there is a threshold for our observed mecha-
nisms. Under physiological conditions, the amount of ROS that is
produced from oxidation of dopamine is easily scavenged by the
antioxidant defense system of the body like antioxidant enzymes
(superoxide dismutase, catalase, etc.), endogenous antioxidants
(glutathione) or exogenous antioxidants from food intake (vita-
mins, polyphenols, etc.). When the concentration of dopamine is
elevated because of a pathophysiological condition, more ROS are
produced from the oxidative metabolism of dopamine. This results
in demand for higher activation of the antioxidative defense
system. In this case, the success of the defense system depends on
the amount of produced ROS, efficacy of antioxidant enzyme and
nutritional habits of the individual.

In conclusion, the present results show that the uptake of dopam-
ine via DAT is the key component of dopamine-induced genotoxic-
ity. Once inside the cells, dopamine undergoes deamination,
mainly by MAO, which leads to the production of ROS as
by-products. These ROS are a major cause of the observed DNA
damage in our system. D,R signaling is involved in this action via
G-protein-mediated activation of PI3K and ERK, which ultimately
results in higher activation and cell surface transfer of DAT and
hence elevated dopamine uptake.
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