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The purpose of this study was to characterize methylmercury 
(MeHg)–induced dopamine (DA) release from undifferentiated 
pheochromocytoma (PC12) cells and to examine the potential role 
for DA synthesis in this process. MeHg caused a significant increase 
in DA release that was both concentration- and time-dependent. 
DA release was significantly increased by 2µM MeHg at 60 min and 
by 5µM MeHg at 30 min; 1µM MeHg was without effect. Because 
DA release induced by 5µM MeHg was associated with a significant 
percentage of cell death at 60 and 120 min, 2µM MeHg was chosen 
for further characterization of release mechanisms. MeHg-induced 
DA release was attenuated but not abolished in the absence of 
extracellular calcium, whereas the vesicular content depleting 
drug reserpine (50nM) abolished release. Thus, MeHg-induced DA 
release requires vesicular exocytosis but not extracellular calcium. 
MeHg also increased intracellular DA and the rate of DA storage 
utilization, suggesting a role for DA synthesis in MeHg-induced 
DA release. The tyrosine hydroxylase inhibitor α-methyltyrosine 
(300µM, 24 h) completely abolished MeHg-induced DA release. 
MeHg significantly increased DA precursor accumulation in cells 
treated with 3-hydroxybenzylhydrazine (10µM), revealing that 
MeHg increases tyrosine hydroxylase activity. Overall, these data 
demonstrate that MeHg facilitates DA synthesis, increases intracel-
lular DA, and augments vesicular exocytosis.
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Methylmercury (MeHg) is an environmental pollutant with 
potent neurological effects including paresthesia, ataxia, mus-
cle weakness, and impairment of vision and hearing (Takeuchi 
et  al., 1962). Human exposure to MeHg has been correlated 
with increased incidence of neurodegenerative diseases, includ-
ing Parkinson disease (Ngim and Devathasan, 1989; Wermuth 
et  al., 2000). MeHg induces cell-specific neurotoxicity, but 
the underlying mechanism by which specific cell types exhibit 
selective sensitivity is not known.

Neurotoxicity associated with MeHg exposure is multifac-
eted and involves perturbation of intracellular calcium (Ca2+) 
concentration, production of free radicals due to altered mito-
chondrial function, and impaired protein, DNA, and RNA 
biosynthesis (Ceccatelli et  al., 2010; Limke et  al., 2004). 
MeHg also stimulates spontaneous transmitter release but 
impairs depolarization-evoked transmitter release (Atchison 
et al., 1984). This effect has been demonstrated in many neu-
rotransmitter systems, which include the dopaminergic sys-
tem (Minnema et  al., 1989). MeHg increases spontaneous 
dopamine (DA) release in a concentration-dependent manner 
through a presynaptic action (Dreiem et al., 2009; Faro et al., 
2002; Kalisch and Racz, 1996).

In the mammalian central nervous system, MeHg accumu-
lates mainly in the cortex, striatum, cerebellum, brain stem, and 
spinal cord (Møller-Madsen, 1994). This pattern of distribution 
could contribute to the presentation of motor symptoms asso-
ciated with MeHg intoxication. Because proper basal ganglia 
function to modulate voluntary movement could be impaired 
by MeHg accumulation, the striatum has been a major target of 
research related to MeHg toxicity.

DA release occurs predominantly via Ca2+-dependent 
vesicular exocytosis; however, it can also be induced through 
alternative pathways, including reversal of the DA transporter 
(Leviel, 2011). Additionally, DA release is tightly coupled to 
synthesis, whereby end-product feedback inhibition decreases 
the rate of DA synthesis, and phosphorylation of tyrosine 
hydroxylase (TH) increases it (Dunkley et al., 2004).

Results of studies investigating the mechanisms underlying 
the stimulatory effects of MeHg on dopaminergic neuronal 
transmission have been inconsistent with respect to the under-
lying mechanisms responsible for MeHg-induced DA release. 
A  role for DA transporter reversal has been proposed based 
on the finding that DA transporter inhibition or stimulation of 
transporter-mediated release produces an effect similar to that 
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of MeHg alone (Faro et al., 2002). However, MeHg does not 
target the transporter to induce release (Gassó et al., 2000) and 
may decrease transporter reuptake activity (Bonnet et al., 1994; 
Dreiem et al., 2009).

Roles for extracellular Ca2+ and vesicular exocytosis in 
MeHg-induced catecholamine release have also been docu-
mented (Gassó et al., 2000); however, nonvesicular and extra-
cellular Ca2+-independent DA release has also been described 
following MeHg exposure (Faro et  al., 2002; Kalisch and 
Racz, 1996). Despite the coupling between release and syn-
thesis, no reports to date have investigated a potential role for 
DA synthesis in MeHg-mediated release. Therefore, the goals 
of this study were to (1) identify pathways by which MeHg 
induces spontaneous DA release in a well-characterized cell 
model and differentiate between transporter-mediated and 
nontransporter-mediated release, (2) determine the depend-
ence of MeHg-induced DA release on extracellular Ca2+, and 
(3) examine the coupling between DA synthesis and MeHg-
induced DA release.

Given the multiplicity of targets affected by MeHg and the 
complex and dynamic process of transmitter release, an in vitro 
model allows the separate steps to be examined in isolation, 
obviating potentially confounding effects of multiple path-
ways present in vivo. Undifferentiated rat pheochromocytoma 
(PC12) cells synthesize and store large amounts of DA, contain 
high concentrations of the enzymes necessary for DA synthesis 
and metabolism, and release DA via Ca2+-dependent vesicular 
exocytosis (Greene and Rein, 1977; Kishimoto et  al., 2005). 
The effects of MeHg have been well described in this system 
(Shafer and Atchison, 1991).

MATeriAls AnD MeTHODs

Chemicals and Solutions

Cell culture supplies, including RPMI-1640 medium, horse serum, trypsin, 
and penicillin-streptomycin, were purchased from GIBCO BRL (Grand Island, 
NY). Hyclone fetal bovine serum was purchased from Thermo Scientific 
(Logan, UT). Hoechst 33342 and propidium iodide were purchased from 
Invitrogen (Grand Island, NY). α-Methyl-DL-tyrosine methyl ester hydrochlo-
ride (AMT), 3-hydroxybenzylhydrazine (NSD-1015), reserpine, desipramine 
(DMI), poly-D-lysine hydrobromide, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), and bicinchoninic acid protein assay buffer were all 
purchased from Sigma-Aldrich (St Louis, MO). Methyl mercuric chloride 
(MeHg) was purchased from ICN Biochemicals Inc. (Aurora, OH).

The standard physiological saline used for extracellular solution was 
HEPES-buffered saline (HBS), which contained the following (mM): 150 NaCl, 
5 KCl, 2.4 CaCl

2
, 1.6 MgSO

4
, 20 HEPES, and 20 d-glucose (pH 7.3). The Ca2+-

free buffer had the same composition as the HBS with the following exceptions 
(mM): 0 CaCl

2
 and 0.02 EDTA. MeHg, AMT, and DMI were prepared as 10mM 

stock solutions and NSD-1015 as a 1mM stock solution in distilled water. 
Reserpine was dissolved in 100% dimethyl sulfoxide (DMSO) as a 10mM stock 
solution and then diluted so the final concentration of DMSO was less than 
0.05% (vol/vol). MeHg and pharmacological inhibitors were diluted to working 
concentrations in HBS or culture medium on the day of each experiment.

Culture of PC12 Cells

PC12 cells (Gift of Dr M. L. Contreras) were grown in RPMI-1640 medium 
supplemented with 10% (vol/vol) horse serum, 2.5% (vol/vol) fetal bovine 

serum, and 1% (vol/vol) penicillin-streptomycin (pH 7.3). Cultures were main-
tained in either 25-cm2 or 75-cm2 T-flasks in a humidified environment con-
taining 5% CO

2
 at 37°C. Culture medium was changed every 2–3 days. Every 

4–5 days PC12 cultures were detached from the flasks with 0.25% (vol/vol) 
trypsin and subcultured at a density of 3 × 105cells/ml for a 5-day culture or 
4 × 105cells/ml for a 4-day culture. All cultures were maintained at 80–90% 
confluence at the time of subculture. To maintain consistency from experiment 
to experiment, cells were used between passages 16 and 19 from our receipt. 
Experimental conditions were repeated in biological triplicate, and experi-
ments were replicated at least thrice from separate cultures to minimize the risk 
of culture-specific confound.

Cell Viability Analysis

PC12 cells were seeded in 96-well plates coated with poly-D-lysine at 
4 × 105 cells/ml 48 h prior to treatment with HBS, 1, 2, or 5µM MeHg for 15, 
30, 60, or 120 min. Hoechst 33342 (10 mg/ml) and propidium iodide (1 mg/ml)  
were diluted 1:10,000 in existing treatment medium. Cells were incubated 
in fluorophores at 37°C for 15 min prior to visualization on a Nikon Ellipse 
TE2000-U inverted microscope with diascopic illumination pillar (Nikon 
Instruments, Inc., Melville, NY) equipped with a T-FL EPO fluorescence 
attachment and X-Cite metal halide illumination system. 4′,6-Diamidino-
2-phenylindole (358 nm/461 nm) and rhodamine filters (610 nm) were used 
for visualization. Images were acquired using MetaMorph image acquisi-
tion and analysis software (Molecular Devices, Sunnyvale, CA). One image 
was acquired per well, and each treatment was replicated in triplicate wells 
in three separate experiments. Viable cells had a blue-stained (Hoechst) 
nucleus, whereas nonviable cells had a low blue, high red (propidium iodide)  
fluorescence (Yuan et al., 2009).

Measurements of Extracellular and Intracellular Neurochemistry

PC12 cells were seeded in 6-well plates coated with poly-D-lysine at a den-
sity of 6 × 105 cells/ml 48 h prior to the following treatments:

Concentration response and time course. Culture medium was aspirated 
and replaced with HBS or HBS containing 1, 2, or 5µM MeHg. DA concentra-
tion was sampled 15, 30, 60, and 120 min following continuous exposure to 
only one MeHg concentration.

Ca2+-free treatment. Culture medium was aspirated and replaced with 
HBS or Ca2+-free HBS containing vehicle or 2µM MeHg for 60 min.

Pharmacological inhibition. Several pharmacological treatments were 
used to analyze distinct components of the dopaminergic biosynthetic pathway 
or vesicular release. These included (1) reserpine (50nM), which inhibits the 
vesicular monoamine transporter and at a concentration of 50nM depletes DA 
stores in PC12 cells by 50% within 1 h (Drukarch et al., 1996); (2) DMI (1μM), 
which inhibits the norepinephrine (NE) transporter (Brüss et  al., 1997), the 
primary catecholamine transport mechanism in PC12 cells (Lorang et al., 1994); 
(3) AMT (300µM), which inhibits TH, the rate-limiting enzyme in DA synthesis 
(Spector et al., 1965); and (4) NSD-1015 (10µM), a 3,4-dihydroxyphenylalanine 
(DOPA) decarboxylase inhibitor (Carlsson et  al., 1972) used to estimate TH 
activity by assessment of DOPA accumulation (Demarest and Moore, 1979).

Pharmacological interventions consisted of two distinct approaches. In the 
first approach, cells were pretreated in culture medium with reserpine for 
60 min, DMI for 15 min, or AMT for either 24 h or 90 min. Following pre-
treatment, culture medium was aspirated and replaced with HBS or HBS con-
taining 2µM MeHg and/or the pharmacological inhibitor used in pretreatment 
for the 60 min MeHg exposure. In the second approach, cells were exposed 
to HBS or HBS containing 2µM MeHg and/or NSD-1015 for 60 min. For 
both approaches, cell plates were centrifuged at 500  × g for 3 min at 4°C 
to terminate the experiment. Treatment medium was reserved and acidified 
(1:1) with ice-cold tissue buffer (0.1M phosphate-citrate buffer containing 
15% methanol (vol/vol), pH 2.5). Cells were rinsed once with 1 ml ice-cold 
PBS, harvested, and pelleted by centrifugation at 12,000 × g for 5 min at 4°C. 
After centrifugation, the supernatant was removed and replaced with 100 μl 
of ice-cold tissue buffer.
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DA content in the supernatant was determined by means of high-pressure 
liquid chromatography coupled with electrochemical detection using a Water 
515 HPLC pump (Waters Corp., Milford, MA) and an ESA Coulochem 5100A 
electrochemical detector with an oxidation potential of +0.4V. DA content was 
quantified by comparing peak height of each sample to peak heights of stand-
ards. It was then normalized to milliliter per sample for extracellular measure-
ments or milligram protein for intracellular measurements as determined by the 
bicinchoninic acid protein assay.

Calculation of the Rate Constant

Releasable stores of transmitter in catecholamine secreting cells are main-
tained by the feedback regulation of the balance between vesicular release and 
de novo synthesis-dependent replenishment. The slope of decline (or rate con-
stant) of intracellular DA following inhibition of synthesis represents a reliable, 
indirect measurement of release or DA storage utilization (Brodie et al., 1966). 
In the present study, the rate constant was calculated from intracellular DA 
concentrations after 90-min AMT treatment (Brodie et al., 1966). The slope 
of the lines representing the difference between cells treated with 2µM MeHg 
alone or combined with 300µM AMT was calculated and then compared with 
that of HBS-treated cells in the absence or presence of AMT.

Statistical Analysis

SigmaPlot software version 12.0 (SysStat Software, Inc., Point Richmond, 
CA) was used to make statistical comparisons among groups using unpaired 
t-test, one- and two-way ANOVA, or nonparametric alternatives as appropriate. 
If a significant difference was detected, post hoc between-group comparisons 
were performed using Tukey’s test. Statistical significance was set at p < 0.05.

resulTs

Spontaneous DA Release Is Increased by MeHg  
in a Concentration- and Time-Dependent Manner

Measurements of DA in the medium reflect the balance 
between changes in DA release and transporter-mediated reup-
take. DA was not detected in treatment medium in the absence of 
cells, and any subsequent treatment-induced change in medium 
DA was, therefore, due to cellular DA release. In the absence of 
MeHg, the concentration of extracellular DA stabilized within 
the first 15 min and remained at a steady state throughout the 
120-min sampling period (Fig. 1). MeHg caused both a con-
centration- and time-dependent increase in medium DA. At 
1µM, MeHg did not significantly alter extracellular DA accu-
mulation, whereas 2 and 5µM MeHg significantly increased the 
concentration of extracellular DA by 60 and 30 min, respec-
tively. These elevated levels were maintained for the duration 
of the experiment. The significant increase in extracellular DA 
concentrations induced by 5µM MeHg at 60 and 120 min was 
associated with a significant incidence of cytotoxicity in a par-
allel set of cultures (Table 1). Because 2µM MeHg induced a 
significant increase in DA release by 60 min without inducing 
significant levels of cytotoxicity, this concentration and time 
point were selected for further analysis of release mechanisms.

Spontaneous MeHg-Mediated DA Release Is Partially 
Dependent upon the Presence of Extracellular Ca2+

DA is released from PC12 cells through Ca2+-dependent 
exocytosis (Kishimoto et  al., 2005). Because MeHg induces 

extracellular Ca2+ influx (Marty and Atchison, 1997), a role 
for extracellular Ca2+ in MeHg-mediated DA release from 
PC12 cells was evaluated by measuring extracellular DA 
concentrations after exposure to MeHg in a Ca2+-free solution. 
There was a slight nonsignificant decrease in spontaneous DA 
release in cells incubated in Ca2+-free HBS (Fig.  2A). In the 
absence of extracellular Ca2+, MeHg-induced DA release from 
PC12 cells was significantly attenuated compared with that 
from HBS-treated cells. However, there was still a dramatic 
increase in DA released by MeHg in the absence of extracellular 
Ca2+. It was not significantly different from DA release in the 

Fig. 1. Concentration-response and time-course effects of MeHg on extra-
cellular DA concentration. PC12 cells were treated with 0µM (white circles), 
1µM (black circles), 2µM (white triangles), or 5µM (black triangles) MeHg in 
HBS for 15, 30, 60, or 120 min. * indicates a significant difference compared 
with 0µM MeHg for a given time point (p ≤ 0.05). Values are means ± SEM 
(n = 3–4, three replicates per n).

TABle 1 
effects of MeHg exposure on Cell Viability in undifferentiated 

Pheochromocytoma (PC12) Cells

MeHg (µM)a

Cell death (% of population)

Time (min)

15 30 60 120

0 0.8 ± 0.2b 1.0 ± 0.3 0.8 ± 0.2 4.1 ± 0.9
1 0.8 ± 0.3 1.4 ± 0.6 1.8 ± 0.4 5.8 ± 3.4
2 0.7 ± 0.2 2.2 ± 0.2 2.8 ± 0.9 4.6 ± 2.1
5 2.0 ± 0.4 10.3 ± 4.9 48.3 ± 17.8* 71.6 ± 21.0*

Notes. aPC12 cells were exposed to 0, 1, 2, or 5µM MeHg in HBS for 15, 30, 
60, or 120 min. Following toxicant treatment, cells were incubated with Hoechst 
33342 and propidium iodide for 15 min at 37°C prior to visualization and image 
acquisition. Viable cells had a blue-stained (Hoechst) nucleus, whereas nonvi-
able cells had a low blue, high red (propidium iodide) fluorescence.

bValues are means ± SEM.
*The asterisk indicates a value significantly different from 0µM MeHg 

within time point (p < 0.05).
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presence of extracellular Ca2+ (Fig. 2B). Removal of Ca2+ from 
the medium did not attenuate DA release in either the absence 
or the presence of MeHg (Fig. 2C).

Spontaneous MeHg-Mediated DA Release Requires a 
Functional Vesicular Transporter, but Not a Functional 
Membrane Transporter

In PC12 cells, DA is primarily released from large dense-
core vesicles concentrated near the plasma membrane 
(Bauerfeind et  al., 1993; Fornai et  al., 2007) and recaptured 
by the NE transporter (Lorang et  al., 1994). To investigate 
the contributions of vesicular release and reuptake transporter 
activity in spontaneous MeHg-mediated DA release from PC12 
cells, reserpine was used to inhibit the vesicular monoamine 
transporter (Schuldiner et  al., 1993), and DMI was used 
to block the NE transporter (Brüss et  al., 1997). Reserpine 
(50nM) decreased spontaneous basal release and blocked the 
significant increase in extracellular DA induced by MeHg. In 
contrast, DMI had no significant effect on extracellular DA 
concentration (p > 0.05) but significantly augmented MeHg-
induced DA release (Fig.  3A). However, although reserpine 
significantly attenuated the percentage change in extracellular 
DA induced by MeHg, DMI did not (p > 0.05; Fig. 3B).

MeHg-Mediated DA Release Is Associated with Increased 
Intracellular DA Concentrations and Utilization of 
DA Stores

Spontaneous DA release induced by MeHg was associated 
with a significant increase in the concentration of intracellu-
lar DA (Fig. 4A). To determine whether increased DA stores 
correlated with increased release, DA storage utilization was 
assessed using AMT (Brodie et al., 1966). The rate constant of 
decline of intracellular DA was significantly greater in MeHg-
treated cells compared with HBS-treated cells, demonstrating 
that utilization of DA stores was significantly increased follow-
ing MeHg exposure (Fig. 4B).

MeHg-Mediated DA Release Is Associated with De Novo 
DA Synthesis and Increased TH Enzymatic Activity

To examine the role of de novo DA synthesis in MeHg-
mediated DA release, PC12 cells were treated with either 
the competitive TH inhibitor AMT (300μM) for 24 h or the 
DOPA decarboxylase inhibitor NSD-1015 (10μM) for 60 min. 
Complete inhibition of DA synthesis with AMT abolished the 
MeHg-mediated increase in extracellular DA concentrations but 
did not alter basal DA release (Fig. 5). The DA precursor DOPA 
was not detectable except in the presence of NSD-1015, after 

Fig. 2. Role of extracellular Ca2+ in MeHg-induced DA release. (A) The concentration of extracellular DA was measured from PC12 cells treated for 60 min 
with 0µM (white bars) or 2µM (black bars) MeHg in the presence (HBS) or absence (Ca2+-free HBS) of extracellular Ca2+. * indicates a significant difference from 
HBS-Control (p ≤ 0.05). # indicates a significant difference from both HBS-Control and HBS-MeHg (p ≤ 0.05). (B) The percentage change of extracellular DA 
after treatment with MeHg was calculated in cells treated with either HBS or Ca2+-free HBS. (C) The percentage reduction of extracellular DA by treatment with 
Ca2+-free HBS in cells treated with either 0 or 2µM MeHg. Values are means ± SEM (n = 4, three replicates per n).
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which its concentration was proportional to the rate of TH enzy-
matic activity. MeHg significantly increased the concentration of 
intracellular DOPA compared with HBS-treated cells (Fig. 6).

DisCussiOn

This study contributes significantly to our understanding of 
mechanisms by which MeHg induces spontaneous DA release, in 
particular its interaction with the coupling between synthesis and 
vesicular exocytosis. Our data are consistent with the following 
conclusions: (1) MeHg causes a concentration- and time-depend-
ent increase in DA release from PC12 cells; (2) MeHg-induced 
DA release does not depend upon the presence of extracellular 
Ca2+; (3) vesicular exocytosis, but not reuptake transporter activ-
ity, is responsible for both basal and MeHg-induced DA release; 

and (4) MeHg-induced DA release is dependent upon de novo 
DA synthesis and accelerated TH activity.

MeHg-Induced DA Release

Under basal conditions, DA release from PC12 cells is main-
tained at a steady state. During the first 15 min, DA concentrations 
increased from 0 to ~3 ng/ml and then did not fluctuate signifi-
cantly for the duration of the experiment. The consistent level of 
extracellular DA in the medium likely reflects coupling between 
release and reuptake under basal conditions (Schmitz et al., 2003).

Increased DA release after exposure to MeHg has been well 
documented in other systems, including 3H-DA release from rat 
striatum (Minnema et al., 1989) and endogenous DA release 
from striatal synaptosomes (Dreiem et al., 2009), mouse striatal 
slices (Kalisch and Racz, 1996), and the striatum of conscious, 
free-moving rats (Faro et al., 2002). Results from the present 
study replicate these observations and demonstrate that MeHg-
induced DA release is both concentration- and time-dependent. 
Low concentrations of MeHg (1μM) did not alter DA release; 
however, higher concentrations (2–5μM) increased DA release. 
Furthermore, 5μM MeHg increased DA release more rapidly 
than did 2μM.

The increase in extracellular DA after exposure to 5μM 
MeHg at 60 and 120 min was substantially higher than that 
observed at lower concentrations but was more variable and 
associated with an increased incidence of cell death. Exposure 
to 5μM has previously been associated with rapid impairment 
of mitochondrial activity and membrane lysis consistent 
with necrotic cell death (Castoldi et al., 2000). As cells lyse, 
DA would be purged from the cell and artificially increase 
its extracellular concentration. DA released upon cell lysis 
would account for the sizable increase in extracellular DA and 
associated high variability. On the other hand, 2μM MeHg 
increased DA release by 60 min, an effect not associated 
with cell death. The increase in DA release in the absence 
of cell death demonstrates that MeHg-induced DA release 
is associated with intracellular mechanisms unrelated to cell 
lysis. Ca2+ plays an essential role in neurotransmitter release, 
and Ca2+-dependent neurotransmitter release is a known target 
of MeHg toxicity (Atchison, 1986; Atchison and Narahashi, 
1982). Therefore, MeHg-induced Ca2+ signaling could be a 
primary site of action linking MeHg exposure to increased 
DA release.

Role of Extracellular Ca2+ in Spontaneous  
and MeHg-Mediated DA Release

Spontaneous basal DA release from PC12 cells was inde-
pendent of extracellular Ca2+ because removal of Ca2+ from the 
extracellular medium did not reduce the concentration of extra-
cellular DA. Although DA release from PC12 cells is classically 
described as Ca2+ dependent (Greene and Rein, 1977), the source 
of Ca2+ can be intracellular (Kishimoto et al., 2005).

Therefore, spontaneous DA release from PC12 cells is most 
likely modulated by changes in cytosolic Ca2+ independent of 
extracellular Ca2+ influx.

Fig. 3. Effects of DA storage depletion and reuptake transporter inhibition 
on MeHg-induced DA release. (A) Concentrations of extracellular DA from 
PC12 cells preincubated with 50nM reserpine for 60 min, 1µM DMI for 15 min, 
or vehicle in culture medium prior to cotreatment with 0µM (white bars) or 
2µM (black bars) MeHg in HBS for 60 min. * indicates a significant difference 
from 0µM MeHg-HBS (control) (p ≤ 0.05). # indicates a significant differ-
ence from 2µM MeHg-HBS (control) (p ≤ 0.05). (B) The percentage change of 
extracellular DA after treatment with MeHg in cells treated with HBS, 50nM 
reserpine, or 1µM DMI. * indicates a significant difference from HBS (p ≤ 
0.05). Values are means ± SEM (n = 3, three replicates per n).
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MeHg induces a biphasic rise in intracellular Ca2+. Initially, 
Ca2+ is released from intracellular stores followed by Ca2+ 
entry from the extracellular space (Marty and Atchison, 1997). 
Removal of Ca2+ from the medium attenuated the rise in extra-
cellular DA following exposure to MeHg, demonstrating a 
partial dependence on extracellular Ca2+. This observation sug-
gests that the second-phase Ca2+ influx following exposure to 
the toxicant contributes to DA release. However, further analy-
sis revealed that the contribution of extracellular Ca2+ is mini-
mal; MeHg induced comparable increases in extracellular DA 
in the absence and presence of extracellular Ca2+.

These data are consistent with previous reports in the litera-
ture, demonstrating that spontaneous DA release is diminished, 

but not abolished, in a Ca2+-free superfusate (Kalisch and Racz, 
1996). A large contribution of extracellular Ca2+ to the observed 
MeHg-induced DA release was not expected, considering that 
release was not evoked by depolarization in the present study. 
Rather, the phenomenon is more likely to due to release of 
Ca2+ from intracellular stores that results during first-phase 
Ca2+ influx following exposure to MeHg (Marty and Atchison, 
1997). Alternatively, inhibition of the Na+/K+ ATPase by MeHg 
could also produce an increase in intracellular Ca2+ that contrib-
ute to release (Berg and Miles, 1979).

Fig. 4. (A) Effect of MeHg on intracellular DA concentration. PC12 cells were treated with either 0µM (white bars) or 2µM (black bars) MeHg in HBS for 
60 min. * indicates a significant difference from 0µM MeHg (p ≤ 0.05). (B) Effect of MeHg on DA storage utilization. PC12 cells were preincubated with 300µM 
AMT or vehicle in culture medium for 30 min prior to treatment with either 0µM (white bars) or 2µM (black bars) MeHg in HBS in the presence or absence of 
300µM AMT for 60 min. The rate constant (k) was calculated as the slope of the line between 0 and 90 min after AMT. * indicates a significant difference from 
0µM MeHg within time point (p ≤ 0.05). # indicates a significant difference between rate constants (p ≤ 0.05). Values are means ± SEM (n = 3, three replicates 
per n).

Fig. 5. Effect of TH inhibition on MeHg-induced DA release. PC12 cells 
were preincubated with 300µM AMT or vehicle in culture medium for 24 h 
prior to cotreatment with either 0µM (white bars) or 2µM (black bars) MeHg in 
HBS for 60 min. * indicates a significant difference from 0µM MeHg-HBS (p ≤ 
0.05). Values are means ± SEM (n = 3, three replicates per n).

Fig. 6. Effect of DOPA decarboxylase inhibition on TH enzymatic activ-
ity. PC12 cells were treated with 0µM (white bars) or 2µM (black bars) MeHg 
in HBS for 60 min in the presence of 10µM NSD-1015. DOPA accumulation 
was quantified using high-pressure liquid chromatography coupled with elec-
trochemical detection as an index of TH enzymatic activity. * indicates a sig-
nificant difference between groups (p ≤ 0.05). Values are means ± SEM (n = 4, 
three replicates per n).
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Vesicular Transport, but Not Membrane Transport, 
Contributes to MeHg-Induced DA Release

Vesicular exocytosis and transporter-mediated reuptake are 
essential components of catecholamine release and recycling in 
PC12 cells (Fornai et al., 2007; Kishimoto et al., 2005; Lorang 
et al., 1994). In the present study, depletion of storage vesicles 
decreased basal release, confirming a role for vesicular stores in 
DA release from PC12 cells. NE transporter inhibition caused 
a small, although nonsignificant, increase in extracellular DA 
likely due to inhibition of reuptake of released DA.

The observations that MeHg-induced DA release is partially 
dependent upon extracellular Ca2+ and intracellular Ca2+ 
concentrations are increased by MeHg (Marty and Atchison, 
1997), suggest that mobilization of vesicular DA stores 
contributes to the stimulatory effect of MeHg on DA release. 
Indeed, depletion of DA stores abolishes MeHg-induced DA 
release. A  role for vesicular exocytosis in MeHg-induced 
catecholamine release is consistent with reports in the literature, 
demonstrating that reserpine pretreatment blocks 3H-NE release 
from hippocampal slices (Gassó et al., 2000).

Inhibition of the NE transporter increased DA release above 
that induced by MeHg alone. However, the percent change in 
extracellular DA after MeHg was comparable in control and 
DMI groups. This suggests that the NE transporter is func-
tional but not contributing to the rise in extracellular DA fol-
lowing exposure to MeHg. In contrast, transporter activity is 
reportedly decreased following exposure to MeHg (Bonnet 
et al., 1994; Dreiem et al., 2009) due to either a direct inter-
action between MeHg and the thiol group on the DA trans-
porter (Bonnet et  al., 1994) or indirectly through inhibition 
of the Na+/K+ ATPase (Berg and Miles, 1979) or reduction of 
ATP needed to maintain the ion gradient used by the trans-
porter (Gatti et al., 2004; Torres et al., 2003). In the present 
study, it is possible that reuptake by the NE transporter was 
partially inhibited because MeHg and DMI treatment together 
produced a larger increase in extracellular DA that exceeded 
MeHg or DMI treatment alone.

Evidence for a Role of De Novo DA Synthesis  
in MeHg-Induced DA Release

MeHg-induced DA release was accompanied by an increase 
in intracellular DA stores and acceleration of DA storage 
utilization. Increased DA stores could result from either 
stimulated DA synthesis and/or impaired DA metabolism. 
MeHg impairs DA metabolism; concentrations of the DA 
metabolites 3,4-dihydroxyphenylacetic acid and homovanillic 
acid are significantly decreased following exposure to MeHg 
(Dreiem et al., 2009). However, the increased rate of storage 
utilization following MeHg exposure also suggests a role for 
DA synthesis. Newly synthesized DA is preferentially released 
(Kopin et  al., 1968); thus, MeHg could also accelerate DA 
synthesis to increase DA release.

To elucidate the contribution of the DA biosynthetic pathway 
to the effects of MeHg, two pharmacological manipulations 

were used. Inhibition of TH with AMT completely abolished 
MeHg-induced DA release. This confirms that MeHg alters DA 
synthesis by targeting the rate-limiting enzyme in DA synthe-
sis, TH. Furthermore, indirect assessment of TH activity using 
NSD-1015 suggests that MeHg stimulated TH activity; i.e., 
DOPA accumulation was increased following toxicant treat-
ment. TH activity is regulated via phosphorylation of critical 
serine residues located on its N-terminus (Haycock et al., 1992). 
Because MeHg increases intracellular Ca2+, TH phosphoryla-
tion mediated by Ca2+-dependent protein kinases (Albert et al., 
1984) may be responsible for the observed increase in TH 
activity following exposure to MeHg. Increased cytosolic Ca2+ 
could also inhibit the activity of protein phosphastase 2A or 
2C (Bevilaqua et al., 2003), preventing TH dephosphorylation.

This is the first report demonstrating a stimulatory effect 
of acute MeHg exposure on TH activity that culminates in an 
increase in DA synthesis and consequently DA release. A pre-
vious report documented elevated TH activity in brain homoge-
nates isolated from rats treated with MeHg for 7 days (Omata 
et  al., 1982); however, the downstream consequences of 
MeHg-activated TH activity on catecholamine release were not 
studied. Results presented herein describe how MeHg  targeting 
of the DA biosynthetic pathway contributes to MeHg-mediated 
DA release. This could be one mechanism by which MeHg 
induces cell-specific neurotoxicity. Decoupling of the regula-
tion between biosynthesis and release, leading to an abnormally 
high level of extracellular DA, could disrupt the signal-to-noise 
ratio associated with normal neuronal activity-evoked release at 
dopaminergic synapses.
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