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Abstract
Chronic exposure to Mn results in the development of a neurological disorder known as
manganism characterized by neurological deficits resembling that seen in Parkinsonism. Although
dopaminergic neurons within the nigrostriatal pathway appear intact, Mn-induced irregularities in
DA transmission have been observed including decreased amphetamine-induced DA release and
loss of the dopamine transporter (DAT). Results of studies to evaluate the effect of Mn and DA on
cell viability in control and DAT-transfected HEK cells reveal that Mn is equally toxic to both cell
lines whereas DA was only toxic to cells containing DAT. DA toxicity was saturable suggesting
that transport may be rate limiting. When Mn and DA were added simultaneously to the media,
cell toxicity was similar to that produced by Mn alone suggesting that Mn may suppress DA
uptake in the DAT containing cells. Preincubation of DA prior to the addition of Mn resulted in
cell death which was essentially additive with that produced independently by the two agents. Mn
was also shown to decrease DA uptake and amphetamine-induced DA efflux in DAT containing
cells. Time-lapsed confocal microscopy indicates that Mn can promote trafficking of cell surface
DAT into intracellular compartments which may account for the decrease in DA uptake and DA
efflux in these cells. Mn-induced internalization of DAT may provide an explanation for
disruption in DA transmission previously reported in the striatum.
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1. Introduction
Chronic exposure to Mn results in the development of a severe, irreversible neurological
disorder known as manganism characterized by a diverse assortment of behavioral,
intellectual and neurological deficits(Aschner et al., 2009; Roth, 2006). Upon protracted
exposure, the disorder can progress to more prominent and irreversible extrapyramidal
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dysfunction resembling those associated with Parkinson’s disease (Guilarte, 2011; Roth,
2009). In general, manganism is initially linked to disruption of neurotransmission in the
globus pallidus, whereas Parkinson’s disease is preferentially associated with loss of
dopaminergic neurons in the substantia nigra pars compacta. Despite this difference, the
symptoms of manganism are often misidentified by physicians for Parkinsonism. This
probably reflects the fact that the basal ganglia is both structurally and functionally very
complex being an amalgamation of a variety of integrated inhibitory and excitatory
neurochemical systems which when disturbed, whether it initially occurs in the globus
pallidus or nigrostriatal release of DA, will manifest in potentially overlapping expressed
neurological dysfunction. Although distinct anatomical features present in the initial stages
of the two disorders, there is increasing evidence that chronic exposure to elevated levels of
Mn correlates with increased susceptibility to develop Parkinsonism, implying there may
also be common neurochemical systems that are perturbed (Gorell et al., 1999; Hudnell,
1999; Kim et al., 2002).

Upon chronic exposure to Mn, modest levels accumulate in the substantia nigra yet in
comparison to the globus pallidus, dopaminergic neurons within the nigrostriatal pathway
appear to remain intact (Hauser et al., 1994; Park et al., 2007). Nevertheless, Mn-induced
irregularities in DA transmission have been observed which potentially can contribute to the
overall neurological symptoms seen in manganism (Guilarte et al., 2008; Peneder et al.,
2011; Sriram et al., 2010). Recent studies have reported that amphetamine-induced (AMPH)
DA release is markedly impaired in the striatum of Mn-exposed non-human primates in the
absence of changes in markers of DA terminal integrity (Guilarte et al., 2008). DAT levels
were also shown to decrease but only partially accounted for the diminished DA release.
This suggests that Mn may block amphetamine-induced efflux of cytosolic DA through the
presynaptic Na+/Cl−-dependent DA transporter (DAT). Recent studies further indicate that
high concentrations of Mn can, in fact, directly inhibit the DAT transporter in isolated rat
striatal synaptosomes in a non-competitive manner having an IC50 value of approximately
11 mM (Chen et al., 2006). Since disruption in DA transmission by Mn generates a
pathological condition comparable to that seen in patients with Parkinson’s disease, it is not
unreasonable to expect that symptoms observed between the two disorders may appear
similar. The degree to which Mn-induced inhibition of DA efflux progresses further
implicates this process in the subsequent development of a Parkinson-like disorder.

DAT activity is critical for DA homeostasis in the brain as it contributes to DA efflux in an
action potential independent mechanism via reverse transport (Leviel, 2011). Studies in
DAT knockouts demonstrate that DAT regulates the duration and dimension of
dopaminergic signaling in the brain (Giros et al., 1996; Miller et al., 2001). The magnitude
and direction of DAT currents are representative of the amount and direction of DA
translocation; e.g. forward transport of DA (uptake), or reverse transport of DA (efflux)
(Sitte et al., 1998; Sonders et al., 1997). DA uptake, DA efflux (reverse transport), sub-
cellular distribution of DAT, and DAT interaction with binding proteins are affected by a
wide variety of substrates, intracellular binding partners, second messengers, and ions.
Based on prior studies examining the effect of Mn on DAT activity, it is intriguing to
examine the consequence this interaction on cell toxicity as well as to assess the mechanism
Mn-induced regulating of DAT function either via its modulation of the single transporter
molecule or by influencing the trafficking of DAT and surface DAT levels.

2. Materials and methods
2.1 Materials

HEK-293 human embryonic kidney cells were purchased from American Type Culture
Collection (A.T.C.C.). HEK-YFP-DAT and vector only control cells (Khoshbouei et al.,
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2002) were obtained from Dr. Habibeh Khoshbouei’s lab. Dulbecco’s Modified Eagle
Medium (DMEM), Opti-MEM I reduced serum media, penicillin/streptomycin, puromycin
and fetal bovine serum were from Invitrogen (Gibco BRL, Grand Island, NY). The selective
DAT inhibitor, GBR12935, was obtained from Sigma Aldrich, CA.

2.2 Cell culture and viability assay
HEK-293, vector only and HEK-YFP DAT cells were maintained in DMEM containing
10% fetal bovine serum and penicillin (50 U/ml) and streptomycin (50 μg/ml). Addition of
the N-terminal YFP tag to DAT did not significantly alter DA uptake and did not disrupt the
function of the transporter to produce substrate-induced currents (Kahlig et al., 2004). Both
cell lines were grown at 37°C in humidified atmosphere containing 5% CO2 and passaged
every 3–4 days at approximately 80% confluency. The concentration of Mn used in these
experiments are similar to that used previously reported in the literature (Marreilha dos
Santos et al., 2008; Roth et al., 2000; Sidoryk-Wegrzynowicz et al., 2010; Walowitz and
Roth, 1999).

To measure cell viability, MTT assays were performed on control, vector only and DAT-
HEK cells treated with varying concentrations of Mn and/or DA. MnCl2 was used
throughout as the sources of the divalent metal as this is readily soluble and the most
common Mn compound used to treat cells in culture. For these experiments, cells were
trypsinized and centrifuged to obtain cell pellets which were re-suspended in DMEM culture
media and approximately 75,000 cells were plated per well in a 6 well plate. The cells were
subsequently incubated overnight at 37°C in humidified atmosphere containing 5% CO2 at
which time Mn and/or DA was added. Cells were incubated for varying lengths of time as
indicated. Prior to the assay, DMEM was removed from each well and the cells washed with
500 μl OptiMem. MTT was subsequently added to each well and the cells were incubated
for an additional 2 hour at 37°C at which time the media was removed and isopropanol
added. Aliquots from each well were centrifuged and the absorbance was monitored at 560
nm in a plate reader to obtain the percentage of viable cells. The overall percentage of cell
viability was calculated by dividing the treated sample by the controls, which did not receive
Mn or DA for each cell line.

2.3 Confocal microscopy
For these experiments we used HEK-YFP-DAT cells that were grown overnight on
chambered dishes (Mattek chambered dish) using DMEM, 10% FBS and 1% penicillin/
streptomycin. Prior to imaging the media was changed to OPTIMEM without phenol red. A
single position on the dishes was selected using the confocal software and baseline (t = 0)
images were obtained. Cells were treated with vehicle (water) or 0.3 mM Mn and incubated
on the stage for 60 min. before imaging at 10 min. intervals. Images were taken using a 63X
objective and 2X zoom using a Zeiss LSM-510 Meta NLO laser scanning confocal
microscope.

2.4 In Vitro electrophysiology
Before recording from parental or stably expressing DAT cells (Goodwin et al., 2009;
Khoshbouei et al., 2002), cells were plated at 105 per 35 mm culture dish. Attached cells
were washed three times with external solution at room temperature which contained 130
mM NaCl, 10 mM HEPES, 34 mM dextrose, 1.5 mM CaCl2, 0.5 mM MgSO4, and 1.3 mM
KH2PO4 which was adjusted to pH 7.35 at a final osmolarity of 290 mOsm. The pipette
solution for the patch clamp in whole-cell configuration contained the following: 120 mM
CsCl, 0.1 mM CaCl2, 2 mM MgCl2, 1.1 mM EGTA, 10 mM Hepes, and 30 mM dextrose
plus 2 mM DA and either 0, 10, 100 μM Mn, as specified in the text. The pH was adjusted
to 7.35 and the final osmolarity was 270 mOsm.
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Patch electrodes were pulled from quartz pipettes on a P-2000 puller (Sutter Instruments,
Novato, CA) and filled with the pipette solution. Data were recorded and analyzed off-line
using pCLAMP 9 software (Molecular Devices). The cells were voltage clamped in whole-
cell configuration that allows dialysis of DA and Mn into the cell. Our previous findings
(Goodwin et al., 2009; Kahlig et al., 2005; Khoshbouei et al., 2004; Khoshbouei et al., 2003)
suggest that 5–8 min after the patch assumed whole-cell configuration, the intracellular ionic
environment and pipette solution reached equilibrium. Accordingly, the amperometric
recordings were performed 10 min. after the patch pipette assumed whole-cell configuration.

2.5 Amperometry
We monitored DA efflux using an amperometric electrode. The amperometric carbon fiber
electrode (ProCFE, Dagan Corporation) is connected to an amplifier (Axopatch 200B,
Molecular Devices, Sunnyvale, CA), which was placed close to the plasma membrane of the
cell and held at +700 mV, a potential greater than the redox potential of DA. The diameter
of the carbon fiber electrode is 5 μm. An oxidative (amperometric) current-voltage
relationship was generated at membrane potential of −100 to +60 mV. Unlike the usual
amperometric calibration, which requires conversion to concentration, we report the current
directly without considering the effective volume. Thus, our requirements are a defined
baseline, and our data represent a lower limit to the DA efflux because some transmitter is
lost to the bulk solution as described previously (Goodwin et al., 2009; Kahlig et al., 2004;
Khoshbouei et al., 2002).

To convert amperometric current measured to DA concentration, we assume an electrode-
gathering volume of 0.1 μm3, that within this volume DA levels are constant for 1 msec. and
that one DA ion converts to one electron. Then 1 pA implies 0.625 × 104 DA molecules
flow into the assumed volume in 1 msec. Under these assumptions, 1 pA converts to 100
μM DA and 0.01 pA converts to 1 μM DA. The amperometric currents were low pass
filtered at 100 Hz. An upward deflection in the amperometric currents corresponds to an
outward flux of DA. At the “on” of the voltage step, for voltages more positive than −40
mV, the amperometric electrode recorded an oxidation current (positive) and moving the
carbon fiber away from the cell caused the oxidative response to become smaller and slower.
Furthermore, as expected for DA oxidation, the oxidative response diminished when we
reduced the carbon fiber voltage to +300 mV and disappeared completely on further
reduction.

For the amperometry recordings, the DAT-mediated DA efflux was isolated by subtracting
the current produced in the presence of the selective DA uptake inhibitor, GBR12935, from
the baseline current (current produced in the absence of AMPH). The AMPH-induced DA
efflux was defined as the current recorded in the presence of the AMPH, minus the current
recorded after addition of GBR12935 to the bath with substrate still present. The steady-
state current at a particular voltage was calculated as the average current during the final 100
msec. of each potential tested. Plotting the steady-state current against the test voltage
generated a current-voltage relationship.

3.0. Results
3.1 Mn and DA toxicity in control and DAT containing cells

Initial experiments were performed to determine whether the presence of DAT in HEK cells
can influence Mn toxicity as a function of both dose and time. Since DA is not transported
into control normal HEK cells, a comparison of the response with that observed in DAT-
HEK cells enables us to determine whether DA can selectively augment Mn toxicity. Thus,
the non-transfected HEK cells serve as the ideal control for these experiments. As illustrated
by the data presented in Fig. 1A, there is no differences in toxicity over the concentration
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range of Mn examined between the vector only control cells and those transfected with
DAT. Consistent with this finding are the results presented Fig. 1B demonstrating that cell
death induced by Mn in the two cell lines was also similar with respect to varying exposure
times. These findings suggest that the presence of DAT in our cell culture model does not
influence the toxic response to Mn although whether a similar situation occurs in vivo is not
known.

While it might be anticipated that Mn toxicity is unaffected by the presence or the absence
of DAT, DA toxicity is expected to be influenced by the transporter as it will selectively
facilitate internalization of DA and the subsequent formation of oxidative products leading
to apoptosis. HEK293 cells devoid of DAT serve as ideal controls, as these cells will not to
take up DA and therefore, enables evaluation of the effects of external DA on cell viability.
Initial studies shown in Fig. 2A focused on examining the effect of DA concentration at 24
hrs. on cell survival in both the control and DAT containing HEK293 cells. As anticipated
DA was not toxic in cells devoid of DAT but produced a significant increase in DA-induced
toxicity in the DAT containing cells. The effect of DA on cell death was concentration
dependent with the maximal response occurring at around 50 μM. As illustrated by the data
presented in Fig. 2B, a similar and significant difference in Mn-induced toxicity was only
observed in the DAT containing cells as a function of time. These findings clearly
demonstrate that DA toxicity is significantly greater in the HEK YFP-DAT cells reflecting
their ability to internalize DA. In addition, the lack of DA toxicity in the HEK cells devoid
of DAT suggests that internalization of DA is required to produce toxicity.

Because exposure to excess Mn has been suggested to promote premature symptoms that
resemble Parkinsonism, studies were also performed to determine whether DA would
stimulate the toxic response of Mn when the two agents were added simultaneously to media
of both the HEK and DAT-HEK cells. As shown by the data in Fig. 3A, as expected the
toxic response produced by Mn in the presence of 50 μM DA in HEK cells devoid of DAT,
relative to the vehicle only control, is independent of presence of DA, as cell death was
essentially equivalent to that produced by Mn alone. As presented by the data in Fig. 3B,
similar results were obtained for the toxic response with the DAT containing HEK cells
when simultaneously treated with both Mn and 50 μM DA. In this case, Mn, unexpectedly,
attenuated the toxic response produced by 50 μM DA in these cells at 24 hrs. as indicated by
the fact that when the two substances were combined, overall toxicity was essentially
equivalent to that produced by Mn alone (compare to Fig. 1 above). Although not shown,
similar results were obtained using 100 μM DA and with control HEK cells. These data
suggests that when Mn is added to the media at the same time as DA, it can either directly or
indirectly interfere with DAT activity (such as DAT-mediated DA uptake, DA efflux via
DAT, trafficking of surface DAT) or act as an antioxidant preventing formation of the
reactive oxidized products of the catechol.

To ascertain which of these mechanisms may account for the observed response, studies
were performed to examine the combine actions of the two agents when DA is first
preincubated prior to the addition of Mn in the DAT-HEK cells. We hypothesized that if Mn
was indeed inhibiting uptake, we would observe an increase in overall toxicity under these
conditions as DA would have access to the cells prior to the addition of Mn. For these
studies, DA was initially preincubated for 12 hrs. to permit uptake of DA before addition of
Mn to the media. As shown by the data presented in Fig. 4, when DAT-HEK cells were
treated with 50 and 100 μM Mn for an additional 24 hrs. after the initial DA treatment, total
toxicity (grey bars) exceeded that with Mn treatment alone (black bars). For these
experiments, DA treatment (100 μM) alone produced 15 and 35% toxicity at the 12 and 36
hrs. time points, respectively. As indicated, the contribution of DA toxicity in the presence
of Mn to the overall value, as indicated by the difference between the grey and black bars,
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was close to the total 36 hr. time point seen upon DA treatment alone. The critical value here
is the difference between 50 μM Mn only (black bar) vs. Mn + DA (grey bar) treatment
which resulted in a decrease of approximately 30%. This value is close to the expected
difference (35% of 81) between the two treatments if they were additive. Similarly, the
difference at 100 μM Mn is approximately 20% which is close to the expected value (35%
of 43) if an additive response occurred. The differences between Mn and Mn + DA
treatment are statistically different at both the 50 and 100 μM Mn concentrations (p ≤ 0.001
at 50 μM Mn and p ≤ 0.001 at 100 μM). This implies that once DA was internalized within
the cells, it was capable of augmenting toxicity produced by Mn independent of external
DA.

It was also of interest to determine the combined effects of Mn and DA in which DA was
initially preincubated with the DAT-HEK cells for 12 hrs. but then removed prior to the
addition of Mn. Results of these studies presented in Fig. 5 reveal that the inhibition pattern
observed is similar to that presented above in Fig. 5 although the overall inhibition pattern is
slightly less for the cells exposed to both DA and Mn. This resulted in the observation that a
significant difference in cell viability between Mn only and Mn + DA treatment was only
observed for the 50 μM Mn treatment.

3.2 Mn-induced alterations in DAT distribution
The above findings suggest that Mn may preferentially be acting by inhibiting uptake of DA
and thereby prevent the ensuing signaling events leading to cell death. This may possible
explain why Mn suppressed DA transport and toxicity when the two were added
simultaneously to the DAT-HEK cells. Prior studies have demonstrated that Mn can directly
inhibit DA transport in isolated rat synaptosomes, though the concentration of Mn need to
accomplish this was considerably higher (IC50 = 11 mM) than that used in our experiments.
Another plausible mechanism which may account for the results we observed in HEK cells
may relate to the trafficking of surface DAT to internal compartments as Mn has previously
been reported to alter the distribution of other plasma membrane proteins. Accordingly,
studies were performed to examine whether Mn can correspondingly affect the distribution
of DAT in HEK cells. For these studies, DAT-HEK cells were grown overnight on
chambered dishes in DMEM before being changed to OPTIMEM prior to imaging. A single
position on the dishes was selected using the confocal software and baseline images were
taken prior to addition of Mn. Cells were subsequently treated with vehicle or 0.3 mM Mn
and incubated on the stage for 60 min. before imaging at 10 min. intervals for a total of 2
hrs. Results of these studies, shown in Fig. 6, reveal that Mn within this time framed caused
approximately a 60% increase in the redistribution of DAT from the surface to the internal
compartment of the cell.

3.3 Mn effect on amphetamine-induced DA efflux
Based on these findings, it was also of interest to determine whether exposure to Mn can
potentially influence DAT-mediated reverse transport of DA (DA efflux). To accomplish
this, we used simultaneous whole-cell patch clamp and amperometry. This approach helps to
resolve the mechanistic relationship between the overall “activity” of the transporter and the
regulatory role of this activity on the DA efflux via DAT. We determined the amphetamine-
induced DAT-mediated DA efflux in the presence and absence of 10 and 100 μM
intracellular Mn. The DAT-mediated DA efflux was measured after dialysis of Mn into the
cell via the patch pipette at +60 to −100 mV membrane potentials. Consistent with our
previous reports, amphetamine increases DAT-mediated DA efflux in a GBR12935 sensitive
fashion (Fig. 7). In the presence of intracellular Mn, however, there was a concentration-
dependent decreases in DAT-mediated DA efflux (the current blocked by GBR12935)
(Goodwin et al., 2009; Swant et al., 2011). For control experiments, we also examined
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whether Mn, via an unknown mechanism, diffuses out of the cells and influences the
measured oxidative current. To examine this possibility, we repeated the experiment, with
no Mn in the recording electrode, when either 50 μl (electrode volume) of a 100 μM Mn
solution or physiological-like mixture is added to the bath solution. The DAT-mediated DA
efflux, at the membrane potentials examined, was not different as compared to control
condition when 50 μl of physiological-like bath solution was added (data not shown).

4.0. Discussion
Although the globus pallidus is the initial site of injury in manganism, dopaminergic
transmission in the striatum is also compromised partially explaining the overlapping
symptoms with that of Parkinson’s disease (Guilarte et al., 2008; Peneder et al., 2011;
Sriram et al., 2010). This is supported by recent studies reporting that amphetamine-induced
DA release is markedly impaired in the striatum of Mn-exposed non-human primates in the
absence of changes in markers of DA terminal integrity (Guilarte et al., 2008). DAT levels
were also shown to decrease which, in part, may accounted for the diminished DA release.

To characterize the effect of Mn on DAT and DA transport, we utilized HEK293 (human
embryonic kidney) cells and HEK293 cells transfected with the DA transporter (DAT)
which allowed us to regulate and compare the influx and effects of internal and external DA
on Mn toxicity in these cell. Over the past decade this model system has been routinely and
extensively used to study DAT trafficking (Cremona et al., 2011; Kahlig and Galli, 2003;
Saunders et al., 2000) and DAT-mediated DA efflux (Kahlig et al., 2004; Khoshbouei et al.,
2004; Khoshbouei et al., 2003). The results reported in the literature, using this model
system, are replicate in neuronal system expressing DAT (Fog et al., 2006; Kahlig et al.,
2006). Therefore, the consensus in the literature is that HEK-YFP-DAT cells represent a
useful model for studying DAT function. Since HEK293 cells express the neurofilament
subunits, NF-L, NF-M, NF-H, and α-internexin as well as many other proteins which are
typically found in neurons, they represent an appropriate model to examine the effect of
DAT on both DA and Mn toxicity (Shaw et al., 2002). In this regard, HEK293 cells have
previously been used as a model to study Parkinsonism (Carballo-Carbajal et al., 2010; Ren
et al., 2003) and to assess the actions of Mn (Garrick et al., 2006; Yin et al., 2010). Thus, we
used this model system to examine the Mn-regulation of DAT activity (trafficking and
reverse transport of dopamine).

Initial studies were performed to evaluate the effect of Mn on cell viability in the presence
and absence of DA in vector only control HEK cells and those transfected with DAT. The
concentration and exposures times for Mn used in this paper are comparable to that
employed in other publications examining the actions of Mn in cultured cells (Marreilha dos
Santos et al., 2008; Roth et al., 2000; Sidoryk-Wegrzynowicz et al., 2010; Walowitz and
Roth, 1999). Results of these experiments reveal that Mn was equally toxic to both the DAT
transfected as well as the vector only control cells indicating that the presence of DAT does
not influence Mn-induced cell death. In contrast, results indicate that DA was only toxic to
cells containing DAT suggesting that external DA in control cells was not sufficiently
internalized to generate toxic oxidative products. DA toxicity in DAT containing cells
appeared to be saturable suggesting that transport may be the rate limiting process regulating
cell death. This data is in contrast to the effect of DA on the viability of PC12 cells which
contain endogenous levels of DA (Offen et al., 1997; Offen et al., 1996). Consistent with
transport being the limiting factor in our studies are other findings demonstrating that DA-
induced apoptosis was decreased when the DA transporter was inhibited by cocaine and by
antisense to DAT (Simantov et al., 1996).
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One of the major goals of this paper was to examine the combined pathophysiological
activities of Mn with that of DA as chronic exposure to Mn has been reported to lead to
early onset of a neurological disorder resembling that of Parkinsonism (Racette et al., 2005).
Results of these studies, surprisingly, revealed that when both Mn and DA were added
simultaneously to the media, cell toxicity was remarkably similar to that produced by Mn
alone. Although there was a very slight increase in toxicity observed in the DAT containing
cell, this difference failed to reach statistical significance. The concentration of Mn needed
to inhibit HEK cell death was approximately 100 times lower than that reported previously
to directly inhibit the DAT transporter in rat synaptosome preparations (Chen et al., 2006).
The direct inhibition of DAT by Mn was shown to be non-competitive with no change in
Km but a decrease in the Vmax value observed. These data are consistent with our findings
suggesting that Mn may suppress toxicity though the mechanisms by which they achieve
this outcome may be different. One possible explanation for the inhibition of DA transport
observed in isolated rat synaptosomes was possibly caused by the high concentrations of Mn
used which may have disrupted membrane integrity altering transport function without
affecting the affinity of DA for the transporter which is consistent with the non-competitive
inhibition pattern observed. The data in the current paper suggest that Mn suppression of DA
transport may result from the loss and redistribution of cell surface DAT or by its prevention
of oxidative stress and subsequent formation of the downstream apoptotic signals. To
distinguish which of these processes is responsible for the observed protective actions of
Mn, we examined the combine actions of the two agents by first preincubating DAT cells
with DA prior to addition of Mn. When DA was exposed to the cells prior to the addition of
Mn to permit its uptake, the observed cell death was essentially additive with the toxic
response produced by Mn after an additional 24 hr. incubation period. This implies that Mn
may be inhibiting DA transport when the two agents were simultaneously added to the
media. Additional studies were also performed to examine toxicity when DA was washed-
out of the media prior to the addition of Mn in the DAT containing HEK cells. Results of
these studies suggest the overall toxicity was slightly less when DA was removed from the
media prior to the addition when compared to a similar condition when DA was not washed
out of the media. The reason for this apparent discrepancy in toxicity when DA was present
for only the initial 12 hr. period is not readily apparent though it infers that the exposure to
DA for the entire 36 hr. treatment period possibly results in more DA entering the cell which
is sufficient to promote greater toxicity. It is also feasible that in experiments in which DA
was washed out of the media, mitochondrial insufficiencies which are emphasized in the
MTT assay dissipate as mitochondria recover from initial 12 hr. exposure period to DA.
Although Mn by itself can cause mitochondrial dysregulation, it is equally feasible that Mn
can act as an antioxidant and attenuate the actions of the oxidative products produced by DA
which were generated within the cells.

Our rationale to use live cell confocal microscopy to determine the influence of Mn on DAT
trafficking in the present manuscript is based on several studies (Kahlig et al., 2004; Kahlig
et al., 2006; Saunders et al., 2000) using this technique to establish the time-course of YFP-
DAT trafficking in HEK cells. Based on these prior findings, the data obtained herein
support the conclusion that Mn can suppress DA toxicity by promoting trafficking of surface
DAT to internal compartments of the cell. Although we cannot rule out the feasibility that
Mn can also induced changes in protein synthesis which accounts for the observed increase
in intracellular DAT levels, we believe this is less likely as we correspondingly measured a
concurrent decrease in surface DAT. Therefore, Mn-induced increases in intracellular DAT
can be due to: 1) Mn-induced internalization rate of DAT, 2) Mn-induced increase DAT
synthesis which fails to traffic to the membrane, or 3) possibly both mechanisms. Even if the
second possibility is true, then the newly synthesized DAT protein which accumulates
within the cell cannot be delivered to the cell surface thus, supporting our overall hypothesis
that Mn alters DAT redistribution. This observation is consistent with previous reports
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demonstrating that Mn can alter the distribution of other membrane proteins
(Mukhopadhyay et al., 2010; Wang et al., 2008). Once internalized, DAT can undergo
ubiquitination and proteasomal degradation via a PKC-dependent pathway (Boudanova et
al., 2008; Miranda et al., 2007). Relevant to this is the fact that Mn has similarly been
reported to promote ubiquitination of the glutamine transporter in a PKC-dependent process
(Sidoryk-Wegrzynowicz et al., 2011; Sidoryk-Wegrzynowicz et al., 2010). Interestingly,
proteasomal degradation of both transporters also requires NEDD4 ligase for ubiquitination.
The consequence of DAT internalization may also help explain the observation reported
herein that Mn causes a decrease in DA efflux in DAT containing HEK cells as well as a
decrease in amphetamine-induced release of DA in the striatum of primate brains acutely
treated with Mn (Guilarte et al., 2006).

The uptake of the released DA is one of the main mechanisms for recycling and
replenishment of intracellular DA. Therefore, long-term inhibition or elimination of uptake
mechanism can reduce the available synaptic DA (Giros et al., 1996). In all likelihood, Mn
induced disruption in DA transmission generates a condition which potentially can resemble
the pathology observed in patients with Parkinson’s disease and therefore, is expected to
contribute to the symptoms seen in manganism. Results of this paper demonstrate that Mn
can alter DA transport and DA-stimulated cell toxicity by promoting internalization of DAT.
As demonstrated, this process results in a reduction of DA release and thus, presents a
plausible explanation as to why exposure to high levels of Mn can suppress DA flux from
dopaminergic neurons in the striatum. The magnitude and progression of Mn-induced
inhibition of DA release may also be implicated in the characteristics and severity of
manganism and the subsequent development of idiopathic Parkinson’s disease.
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Highlights

• Mn is equally toxic to control and DAT transfected HEK cell whereas dopamine
is only toxic to the DAT transfected cells

• Mn suppresses DA toxicity in the DAT containing cells

• Mn promotes internalization of cell surface DAT

• Mn inhibits amphetamine-induced DA efflux in DAT containing cells
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Fig. 1.
(A) Concentration dependence for Mn toxicity in HEK-293 and HEK YFP-DAT cells.
HEK-293 and HEK YFP-DAT cells were treated with 25 – 400 μM of Mn for 24 hrs.
Toxicity was measured by the MTT assay and compared to the control samples treated with
no Mn. Data are presented as the mean ± S.E.M for three independent experiments. There
was no significant difference (p=0.997, Two way ANOVA) in cellular viability between
HEK-293 and HEK YFP-DAT cells. (B) Time course for Mn toxicity in HEK-293, and
HEK YFP-DAT cells. HEK-293 and HEK YFP-DAT cells were treated with 200 μM of Mn
for 6, 12, and 24hrs. Toxicity was measured by MTT assay and compared to control samples
treated with Mn for few seconds. Data are presented as the mean ± S.E.M for three
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independent experiments. There was no significant difference (p=0.533, Two Way
ANOVA) in cellular viability between HEK-293 and HEK YFP-DAT cells.
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Fig. 2.
(A) Concentration dependence for DA toxicity in HEK-293 and HEK YFP-DAT cells.
HEK-293 and HEK YFP-DAT cells were treated with 25 – 200 μM of DA for 24 hrs.
Toxicity was measured by the MTT assay and compared to the control samples treated with
no DA. Data are presented as the mean ± S.E.M for three independent experiments. There
was significant difference (p < 0.001) in cellular viability between HEK-293 and HEK YFP-
DAT cells. (B) Time course for DA toxicity on HEK-293, and HEK YFP-DAT cells.
HEK-293 and HEK YFP-DAT cells were treated with 100 μM dopamine for 6, 12, 24 and
48 hrs. Toxicity was measured by the MTT assay and compared to the control samples
treated with no DA. Data are presented as the mean ± S.E.M for three independent
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experiments. There was significant difference (p < 0.01) in cellular viability between
HEK-293 and HEK YFP-DAT cells.
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Fig. 3.
(A) Mn and DA-induced toxicity when co-incubated in HEK cells. A. Mn and DA co-
incubation with HEK-293 cells. DA (50 μM) was preincubated for 24 hrs. prior to the
addition of Mn. Toxicity was measured by the MTT assay and compared to the control
samples treated with no DA. Data presents the mean ± S.E.M for three independent
experiments. There was no significant difference in cellular viability between Mn treated
and Mn/DA treated in HEK-293 cells. (B) Mn and DA-induced toxicity when co-incubated
in HEK YFP-DAT cells. DA (50 μM) was preincubated for 24 hrs. prior to the addition of
Mn. Toxicity was measured by the MTT assay and compared to the control samples treated
with no DA. Data presents the mean ± S.E.M for three independent experiments. There was
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no significant difference in cellular viability between Mn treated and Mn/DA treated in HEK
YFP-DAT.
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Fig. 4.
Mn-induced toxicity in HEK YFP-DAT cells pre-incubation with DA. Cells were pre-
incubated with 100 μM DA for 12 hrs. and then with 50 and 100 μM of Mn for an
additional 24 hrs. Toxicity was measured by MTT assay and compared to the control
samples treated with no Mn and no DA. Data are presented as the mean ± S.E.M of three
independent experiments. For all these experiments, there was significant difference in
cellular viability between manganese treated and manganese/dopamine treated HEK YFP-
DAT cells (p-value for Mn and Mn + DA 50 or 100 μM respectively: p < 0.001, p < 0.001).
There was a significant difference between cell viability for Mn only treatment in
comparison to the no Mn control (50 μM Mn, p < 0.0005; 100 μM Mn, p < 0.001). The cell
viability for DA only for 36 hr. exposure was 65 percent.
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Fig. 5.
Mn-induced toxicity in HEK YFP-DAT cells initially pre-incubation with DA for 12 hrs.
Cells were pre-incubated with 100 μM DA for 12 hrs., then the DA was removed and
incubation continued with 50 and 100 μM of Mn for another 24 hrs. Toxicity was measured
by MTT assay and compared to the control samples treated with no Mn and no DA. Data are
presented as the mean ± S.E.M of three independent experiments. For the 50 μM
experiment, there was significant difference in cellular viability between manganese treated
and manganese/dopamine treated HEK YFP-DAT samples. However, for the 100 μM
experiment there was no significant difference in cell viability between Mn treated and Mn/
dopamine treated HEK YFP-DAT. (p-value for Mn and Mn + DA 50 and 100 μM
respectively: (p < 0.001, p = 0.2). There was a significant difference between cell viability
for Mn only treatment in comparison to the no Mn controls (50 μM Mn, p < 0.001, 100 μM
Mn, p < 0.001). The cell viability for DA only control for 12 hr. washed exposure is 66
percent.
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Fig. 6.
Effect of Mn on the redistribution of DAT in HEK YFP-DAT cells. DAT-HEK cells were
grown overnight on chambered dishes in DMEM before being changed to OPTIMEM prior
to imaging. A single position on the dishes was selected using the confocal software and
baseline images were taken prior to addition of Mn. Cells were treated with vehicle or 0.3
mM Mn and incubated on the stage for 60 min. prior to imaging on a Zeiss LSM-510 Meta
NLO laser scanning confocal microscope. The data is average of 15–20 cells from five
independent experiments.
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Fig. 7.
Changes is current-voltage (I(V)) relationships produced by Mn on DAT-mediated DA
efflux. DAT mediated DA efflux was measured at +60 to −100 mV membrane potentials
when 0, 10 and 100 μM after Mn was dialyzed into the cell. Addition of 50 μl (pipette
volume) of a 100 μM Mn solution to the bath solution did not affect DAT-mediated DA
efflux at these membrane potentials (data not shown). DAT-mediated DA efflux was
isolated by subtracting the current produced in the presence of the selective DA uptake
inhibitor, GBR12935, from the baseline current (current produced in the absence of AMPH).
The AMPH-induced DA efflux was defined as the current recorded in the presence of the
AMPH, minus the current recorded after addition of GBR12935 to the bath with substrate
still present.
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