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A B S T R A C T

Ziram is a dimethyldithiocarbamate fungicide which can cause intraneuronal calcium (Ca2+)

dysregulation and subsequently neuronal death. The signaling mechanisms underlying ziram-induced

Ca2+ dyshomeostasis and neurotoxicity are not fully understood. NCX3 is the third isoform of the

sodium–calcium exchanger (NCX) family and plays an important role in regulating Ca2+ homeostasis in

excitable cells. We previously generated a mouse model deficient for the sodium–calcium exchanger 3

and showed that NCX3 is protective against ischemic damage. In the present study, we aim to examine

whether NCX3 exerts a similar role against toxicological injury caused by the pesticide ziram. Our data

show baby hamster kidney (BHK) cells stably transfected with NCX3 (BHK-NCX3) are more susceptible

to ziram toxicity than cells transfected with the empty vector (BHK-WT). Increased toxicity in BHK-NCX3

was associated with a rapid rise in cytosolic Ca2+ concentration [Ca2+]i induced by ziram. Profound

mitochondrial dysfunction and ATP depletion were also observed in BHK-NCX3 cells following

treatment with ziram. Lastly, primary dopaminergic neurons lacking NCX3 (NCX3�/�) were less sensitive

to ziram neurotoxicity than wildtype control dopaminergic neurons. These results demonstrate that

NCX3 genetic deletion protects against ziram-induced neurotoxicity and suggest NCX3 and its

downstream molecular pathways as key factors involved in ziram toxicity. Our study identifies new

molecular events through which pesticides (e.g. ziram) can lead to pathological features of degenerative

diseases such as Parkinson’s disease and indicates new targets to slow down neuronal degeneration.

� 2014 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

NeuroToxicology
1. Introduction

Ziram is a dimethyldithiocarbamates (DMC) fungicide used in
agriculture to control fungal diseases on stone fruits, pome fruits,
nut crops, vegetables and commercially grown ornamentals. Ziram
is also formulated as a rabbit repellent and as an additive in
industrial adhesives, caulking, and latex paints. The total annual
domestic use of ziram is estimated at �1.9 million pounds of active
ingredient. Besides the useful properties as a fungicide, ziram also
proves toxic to mammals and epidemiological studies revealed a
strong association between residential exposure to ziram and
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increased incidence of Parkinson’s disease (PD) (Wang et al., 2011).
The mechanism of toxicity for ziram has not been thoroughly
examined. Its primary target organs seem to be the nervous
system, liver, and thyroid. Chronic exposure to ziram can induce
neuronal death and it was shown that cultured dopaminergic (DA)
neurons are more sensitive to the neurotoxic effects of ziram
compared to other neuronal population in the same cultures (Chou
et al., 2008). Following systemic administration of sodium
dimethyl dithiocarbamate (Na-DMC), a compound similar to
ziram, mice developed motor dysfunction and a decreased number
of DA striatal terminals reminiscent of PD (Chou et al., 2008). In
cultured hippocampal neurons, acute ziram application induced a
rapid, several fold increase in spontaneous neurotransmitter
release from both excitatory and inhibitory neurons (Rinetti and
Schweizer, 2010), suggesting a dysregulation of neuronal micro-
circuits. In PC12 rat pheochromocytoma cells exposed to ziram, an
increase in intracellular Ca2+ concentration ([Ca2+]i) following

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuro.2014.09.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuro.2014.09.004&domain=pdf
http://dx.doi.org/10.1016/j.neuro.2014.09.004
mailto:ssokolow@sonnet.ucla.edu
http://www.sciencedirect.com/science/journal/0161813X
http://dx.doi.org/10.1016/j.neuro.2014.09.004


J. Jin et al. / NeuroToxicology 45 (2014) 56–66 57
stimulation of non-elective cation channels has been reported
(Sook Han et al., 2003). These findings are consistent with a role of
Ca2+-dysregulation in ziram induced neurotoxicity.

The sodium–calcium exchanger (NCX) is a plasma membrane
protein regulating Ca2+ homeostasis of most cells. NCX play a
relevant role in neurons, where a change in cytoplasmic Ca2+

concentration represents a pivotal event in several physiological
(e.g. synaptic transmission) and pathological processes (e.g.
ischemia) (Bano et al., 2005; Fontana et al., 1995; Sanchez-Armass
and Blaustein, 1987). NCX can operate in two modes which are
referred to ‘‘Ca2+ exit mode’’ and ‘‘Ca2+ entry mode’’ exchange
(Blaustein and Lederer, 1999; Hilge, 2012). The operating mode,
effectively the direction of exchange, relies on the Na+ and Ca2+

gradients across the plasma membrane and on the membrane
potential. The Ca2+ exit mode of exchange (forward mode) is
defined operationally as an external Na+-dependent Ca2+ efflux and
an internal Ca2+-dependent Na+-influx. The Ca2+ entry mode of
exchange (reverse mode) is usually defined as an internal Na+-
dependent Ca2+ influx and external Ca2+-dependent Na+-efflux.
Because of the lack of selective inhibitors, it is not clear whether
NCX contributes to both net Ca2+ entry and net Ca2+ exit under
normal physiological conditions. Nevertheless, there is general
consensus that the exchanger plays an important role in extruding
Ca2+ in many cell types (Blaustein and Lederer, 1999). Three
isoforms of the exchanger have been cloned (NCX1, NCX2, and
NCX3) and they are encoded by distinct genes (Linck et al., 1998;
Quednau et al., 1997). NCX1 is most abundant in the heart and is
widely distributed in excitable cells (Minelli et al., 2007;
Thurneysen et al., 2002). NCX2 expression is restricted to the
brain and spinal cord (Jeon et al., 2003; Minelli et al., 2007), while
NCX3 expression is limited to the central nervous system and
skeletal muscle (Minelli et al., 2007, Sokolow et al., 2004). In situ
hybridization experiments in rodent brain showed that NCX1,
NCX2 and NCX3 mRNA are distributed in all brain regions
including the substantia nigra (SNc), a region primarily affected
in PD (Canitano et al., 2002). The functional roles of each isoform in
neurons still need to be elucidated.

NCX1 knockout mice are not viable (Nguidjoe et al., 2011;
Wakimoto et al., 2003) but functional analysis can be conducted in
heterozygous NCX1+/�mice (Morimoto et al., 2012, Nguidjoe et al.,
2011). Recently, Morimoto et al. showed the protective role of
NCX1 against brain ischemia in mice. Their study suggests that
selective NCX1 inhibitors need to be further investigated as
therapeutic agents against ischemic damages. Others examined
NCX1 and NCX3 signaling pathways occurring in ischemic pre- and
post-conditioning induced neuroprotection in rats (Pignataro et al.,
2012, 2013; Sisalli et al., 2014). They found that the neuropro-
tective role in pre- and post-conditioning may result from NCX1
and NCX3 up-regulation and subsequent Ca2+-associated down-
stream pathways (e.g. AKT, nitric oxide) in the endoplasmic
reticulum and mitochondria. Studies in NCX2 deficient mice
implied that NCX2 is important for cognitive function (Jeon et al.,
2003). We produced NCX3 knockout mice and showed that NCX3
plays a significant role in cognition (Molinaro et al., 2011), in
oligodendrocyte differentiation (Boscia et al., 2013), in amyloid-
beta pathology (Pannaccione et al., 2012; Sokolow et al., 2011) and
is protective against ischemic damage (Cross et al., 2009; Jeffs et al.,
2008; Molinaro et al., 2013, 2008).

ATP depletion inhibits NCX1 and NCX2 activity possibly
through PIP2 pathways (Fang et al., 1998, Linck et al., 1998);
however, NCX3 does not rely on ATP for its regulation (Molinaro
et al., 2013, Molinaro et al., 2008).

Ago et al. (2011) recently suggested that NCX inhibitor,
SEA0400, ameliorated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MPTP)-induced motor deficits and reduced the decline in DA
levels and tyrosine hydroxylase (TH) immunoreactivity in the
midbrain and striatum of MPTP treated mice. This study implied
that NCX is a novel molecular target for PD therapy (Ago et al.,
2011).

In the present study, we aimed to determine the role of NCX3 in
the toxicology of ziram. We examined NCX3 function in ziram-
induced Ca2+ dysregulation and toxicity using baby hamster
kidney (BHK) cells expressing solely NCX3 (BHK-NCX3) and
primary ventral mesencephalic neurons isolated from NCX3-
deficient mice. We found that BHK-NCX3 are more susceptible to
ziram toxicity compared to wild-type (WT) cells which do not
constitutively express NCX3. This increase in ziram-induced
toxicity in BHK-NCX3 cells correlated with a significant increase
in intracellular Ca2+ concentration ([Ca2+]i), mitochondrial dys-
function and ATP depletion. We also observed a neuroprotective
effect of NCX3 genetic deletion as DA neurons lacking NCX3
(NCX3�/�) were less vulnerable to ziram toxicity than control
neurons. In conclusion, our findings propose a new mechanism of
ziram-induced calcium dysregulation and toxicity and suggest that
NCX3 might offer a molecular target for intervention in degenera-
tive diseases.

2. Material and methods

2.1. Materials

Hams’ F12, DMEM medium, trypsin, penicillin, streptomycin,
heat-inactivated fetal bovine serum, fluorescent dyes (i.e. fluo-
3AM, Oregon Green1 488 BAPTA-1 AM, tetramethylrhodamine,
ethyl ester [TMRE], propidium iodide [PI], calcein-AM and pluronic
acid were obtained from Life Technologies (Grand Island, NY, USA).
Poly-L-lysine, zinc dimethyldithiocarbamate (ziram) were from
Sigma–Aldrich (St. Louis, MO). 2-[2-[4-(4-Nitrobenzyloxy)phenyl-
]ethyl]isothiourea mesylate (KBR-7943) was from Tocris Biosci-
ence (Ellisville, MO, USA).

2.2. Cell culture

Wild-type BHK (BHK-WT) cells and BHK cells stably transfected
with rat brain NCX3 (BHK-NCX3) were donated by K. Philipson
(Linck et al., 1998, Nicoll et al., 1996) and grown in a mix of DMEM
and Hams’ F12 media (1:1) supplemented with 5% fetal bovine
serum, 100 U/mL penicillin, and 100 mg/mL streptomycin (Life
Technologies, Carlsbad, CA, USA) (Linck et al., 1998, Nicoll et al.,
1996, Pannaccione et al., 2012). Cells were cultured in a humidified
5% CO2 atmosphere. Treatments with ziram were performed at
24 h after plating. A stock solution of 10 mM ziram was prepared
by solubilizing ziram in 100% DMSO and used by diluting in culture
medium, normal Krebs or Na+-free Krebs for treatment of cells.
Upon treatments, DMSO (vehicle control) was ultimately diluted
�0.1 vol.% that alone did not induce any cell death.

2.3. Living and dead cells ratio

Cell toxicity after ziram treatment was evaluated by measuring
the ratio between dead and living cells. BHK-WT or BHK-NCX3 cells
were grown on 12 mm diameter coverslips overnight and then
treated with ziram or DMSO (as control). After treatment, the cells
were washed with PBS and double labeled with 50 nM Calcein-AM
(an indicator of living cells) and 3 mM PI (an indicator of non-viable
cells) for 15 min at room temperature. Stained cells were examined
immediately with a Zeiss Imager M2 fluorescence microscope (Carl
Zeiss, Germany) equipped with Zeiss filter sets 038 (excitation BP
470/40 nm, beam splitter FT 495 nm and emission BP 525/50 nm)
and 043 (excitation BP 545/25 nm, beam splitter FT 570 nm and
emission BP 605/70 nm) (Carl Zeiss, Germany) allowing the specific
detection of Calcein-AM (excitation peak 493/emission peak
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514 nm) and PI (excitation peak 538/emission peak 617 nm),
respectively. Calcein-AM and PI positive cells were counted in four
representative high power fields for each coverslip. Cell toxicity was
determined from three coverslips by the ratio of the number of [PI
positive cells]/[PI + Calcein AM-stained positive cells].

2.4. Flow cytometry

Ziram-treated cells were harvested and washed twice with cold
PBS/5 mM EDTA (pH 7.4) by centrifugation. Resuspended cells
were either incubated with 50 nM Calcein-AM in PBS for 30 min at
RT or 3 mM solution of PI in PBS and incubated at RT for 15 min,
then washed by centrifugation and resuspended in 0.5 mL PBS.
Data on 2500 cells were collected using a FACScan (Becton
Dickinson, San Jose, CA, USA). Analysis was performed using FCS
Express software (DeNovo Software, Los Angeles, CA, USA).

2.5. Mitochondrial membrane potential imaging and Ca2+

measurement

Mitochondrial health was assessed using the fluorescent dye
tertramethyl rhodamine ethyl ester (TMRE): brighter fluorescence
indicates healthier mitochondria. Intracellular Ca2+ levels were
assessed using Oregon Green1 488 BAPTA-1 AM. First, cells were
incubated with different concentrations of ziram in DMEM
medium. After ziram treatment, BHK cells were loaded with
20 nM TMRE and 5 mM Oregon Green BAPTA-1 for 30 min in a
buffer containing (in mM): 156 NaCl, 3 KCl, 2, MgSO4, 1.25 KH2PO4,
2 CaCl2, 10 glucose, and 10 Hepes, pH adjusted to 7.35 with NaOH.
At the end of the incubation, cells were washed in the buffer and
examined immediately with an Imager M2 fluorescence micro-
scope (Carl Zeiss, Germany). Stained cells were examined
immediately with a Zeiss Imager M2 fluorescence microscope
(Carl Zeiss, Germany) microscope equipped with Zeiss filter sets
038 (excitation BP 470/40 nm, beam splitter FT 495 nm and
emission BP 525/50 nm) and 043 (excitation BP 545/25 nm, beam
splitter FT 570 nm and emission BP 605/70 nm) (Carl Zeiss,
Germany) allowing the specific detection of Oregon Green BAPTA
(excitation peak 490/emission peak 517 nm) and TMRE (excitation
peak 552/emission peak 578 nm), respectively. Fluorescence
intensity was quantified using ImageJ software (Schneider et al.,
2012).

2.6. Measurement of intracellular ATP concentration

Intracellular ATP concentration was measured with a commer-
cial bioluminescent assay (ATP bioluminescent assay kit, Sigma, St.
Louis, Missouri, USA) according to manufacturer’s instruction.
Briefly, ATP was extracted by boiling the samples in a solution
containing (in mM) 100 Tris, 4 EDTA, pH 7.75. After centrifugation
at 10,000 � g for 60 s supernatants were diluted 1:25 in dilution
buffer (Sigma, St. Louis, Missouri, USA) and mixed with ATP Mix
solution. Light intensity was measured with Perkin Elmer Victor X2
microplate reader (Waltham, MA, USA). The standard curve of ATP
was obtained by serial dilution of 2 mM ATP solution.

2.7. Measurement of [Ca2+]i changes over time

BHK-WT and BHK-NCX3 cells, grown on poly-D-lysine covered
glass coverslips, were loaded with 5 mM Fluo-3 AM (Life Technolo-
gies, Carlsbad, CA, USA) for 30 min at 37 8C in normal Krebs solution
containing the following (in mM): 5.5 KCl, 160 NaCl, 1.2 MgCl2, 1.5
CaCl2, 10 glucose, and 10 Hepes–NaOH, pH 7.4. Coverslips were then
placed into a perfusion chamber mounted onto a Zeiss LSM5 PASCAL
confocal laser scanning microscope (Carl Zeiss, Germany). Fluo-3
fluorescence (excitation peak 488/emission peak 526 nm) was
observed using the 488 nm Argon Laser for illumination, a HFT488
dichroic mirror and a 505 nm long-pass emission filter. Images were
collected every 3 or 5 s using a 20� objective (Plan-Apochromat
20�/0.8, Carl Zeiss, Germany). Sixty to eighty individual cells were
selected from each coverslip and fluorescence intensity over time
was quantified using ImageJ (Schneider et al., 2012). NCX3 activity
was evaluated as Ca2+ uptake through the reverse mode by
switching the normal Krebs medium to Na+-deficient NMDG-
medium (Na+-free) (in mM): 5.5 KCl, 147 N-methyl glucamine
(NMDG), 1.2 MgCl2, 1.5 CaCl2, 10 glucose, and 10 Hepes–HCl (pH
7.4).

2.8. Western blotting analysis

Samples were boiled in Laemmli loading buffer (Invitrogen,
Carlsbad, CA) and electrophoresed on 8% SDS-Polyacrylamide gels
(Expedeon, San Diego, CA). Proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes (0.45 mm) in Tris–glycine
buffer containing 20% methanol, then blocked for 1 h at room
temperature in 5% BSA, followed by incubation overnight at 4 8C
with rabbit polyclonal NCX3 antibody (1:2000) (Thurneysen et al.,
2002) in PBS containing 0.01% Tween 20 (PBS-T) and 1.5% (W/V)
BSA and 0.05% sodium azide. Membranes were then incubated for
1 h with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
(1:30,000) (Jackson ImmunoResearch, West Grove, PA), washed
and developed with SuperSignal West Dura substrate (Thermo
Scientific, Waltham, MA) and exposed to an OptiChemi HR Camera
600 (UVP Imaging, Upland, CA).

2.9. Mouse colonies

C57/Bl6 (wild-type controls) and NCX3 deficient (NCX3�/�)
pregnant females were used for the preparation of primary neuron
culture. NCX3�/� mice were generated by inserting a neomycin
resistance cassette (neo) into the exon 2 of NCX3 gene (Sokolow
et al., 2004). NCX3�/� mice were backcrossed against C57/Bl6
background for a minimum of six generations (Molinaro et al.,
2008). Experiments were performed in accordance to the
international guidelines for animal research, the Guide for the
Care and Use of Laboratory Animals (National Research Council,
1996) and approved by the Animal Research Committee of the
UCLA Office for the Protection of Research.

2.10. Mouse primary ventral mesencephalic cultures (PVMC) and

immunocytochemistry

PVMC were prepared by using a protocol adapted from (Choi
et al., 2011). Briefly, VM cells dissociated from embryonic day 14
(E14) mouse fetuses were plated on 24-well culture plates with
glass coverslips that were coated with poly-D-lysine (50 mg/mL,
Sigma, St. Louis, MO) and laminin (5 mg/mL, Sigma) at a density of
1.0 � 105 cells/well in DMEM supplemented 10% FBS, 100 U/mL
penicillin and 100 mg/mL streptomycin, 25 mM HEPES, and 30 mM
glucose. One half of the medium was changed at DIV3 (DIV; days in
vitro). At DIV5, one half of the medium was replaced with DMEM-
F12 supplemented with 1% N2 supplement and 10 mg/mL BSA.
PVMC were treated with ziram (0.5–1 mM) or DMSO (control) at
DIV7 for 24 h. At the end of the treatment, the cultures were
immediately washed and fixed in 4% paraformaldehyde for 15 min.
The cultures were then incubated with anti-tyrosine hydroxylase
(TH) antibodies (1:1000; EMD Millipore, Billerica, MA, USA) and
anti-neuronal nuclei (NeuN) antibodies (1:100; Chemicon, Teme-
cula, CA) overnight at 4 8C. Cells were stained for 1 h with Alexa
Fluor 488 Goat Anti-Mouse (1:1000, Life Technologies, Carlsbad,
CA, USA) or Alexa Fluor 568 Goat Anti-Rabbit (1:1000, Life
Technologies, Carlsbad, CA, USA) secondary antibody. After



Fig. 1. Effect of ziram treatment on cell viability in BHK-WT and BHK-NCX3 cells. (A) Representative fluorescent images of BHK-WT and BHK-NCX3 cells double stained with

calcein-AM and propidium iodide in control conditions (left panels), following 24 h treatment with ziram 1 mM (middle panels) and following 2 h treatment with 10 mM

ziram (right panels). (B) Bar graph illustrating cell death in BHK-WT and BHK-NCX3 cells following ziram exposure and in control condition (DMSO-24 h). **P < 0.001 vs.

DMSO control condition; yyyP < 0.001 vs. BHK-WT cells. Each bar represents the mean (�S.E.M.) of 10–20 different experimental values studied in at least three independent

experimental sessions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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staining and prior to counting, the coverslips were randomly
assigned an identification number. TH+ and NeuN+ immunoreac-
tive neuron counts were then determined manually by blind raters
to the experimental conditions (Chou et al., 2008).

2.11. Statistical analysis

Statistical analysis was performed using Prism software
(GraphPad software, San Diego, CA). All experiments were
performed at least three times on separate days. On individual
days, experiments were performed in duplicate or triplicate and
averaged to form a single experiment unit. Data are presented as
means � SEM. Analyses were performed using analysis of variance.
Statistical analysis was conducted on actual cell counts and
Bonferroni’s or Tukey’s post hoc multiple comparison tests were
performed when appropriate.

3. Results

3.1. Increased ziram-induced cytotoxicity in BHK-NCX3 cells

We used multiple assay endpoints to measure the toxic effects
of ziram in wild-type BHK cells (BHK-WT) which do not
constitutively express NCX3, and in BHK cells stably transfected
with NCX3 (BHK-NCX3) (Linck et al., 1998, Minelli et al., 2007,
Nicoll et al., 1996). In both cell lines, we compared the toxicological
damages caused by a 24 h-exposure of 1 mM ziram to an acute
exposure of 2 h with a dose of ziram 10 times higher (Sook Han
et al., 2003).
We first assessed the ratio of viable (i.e. calcein-AM positive)
and non-viable cells (i.e. PI positive) by fluorescence microscopy
(Fig. 1A). Two-way ANOVA revealed a significant treatment X
genotype interaction (F2,55 = 23.90, P < 0.0001). BHK-NCX3 cells
were more susceptible to ziram cytotoxicity than BHK-WT
exposed to 1 mM ziram for 24 h (56.0 � 1.8% of cell death in
BHK-NCX3 vs. 22.7 � 2.7% of cell death in BHK-WT; P < 0.001) or
10 mM ziram for 2 h (68.7 � 3.3% of cell death in BHK-NCX3 vs.
43.5 � 5.1% of cell death in BHK-WT; P < 0.001) (Fig. 1B).

We then used fluorescence activated cell sorting (FACS)
methods to assess the acute effects (i.e. 2 h exposure) of 10 mM
ziram on cell morphology, cell viability and cell death. We
analyzed 2500 cells within each sample using the forward scatter
parameter (FSC), which is proportional to the cell volume and the
side scatter parameter (SSC) which measures the internal
complexity of the cell (Fig. 2). FSC and SSC analysis revealed that
a larger population of BHK-NCX3 cells were dying (Fig. 2D, left
gate) following ziram exposure compared to vehicle control
(Fig. 2C) and to ziram-treated BHK-WT cells (Fig. 2B). Histograms
in Fig. 2E showed a higher distribution of dying BHK-NCX3 cells
(red line) compared to BHK-WT cells (blue line) following ziram
treatment.

Lastly, we acquired calcein-AM and PI fluorescence intensity on
2500 cells within each sample. Representative density plots of
calcein-AM fluorescence in BHK-WT cells and BHK-NCX3 cells
treated with vehicle only or ziram 10 mM are shown in Fig. 3A–D.
The percentage of fluorescent particles included in the upper right
quadrant represents viable BHK cells. Two-way ANOVA revealed a
significant treatment X genotype interaction (F1,8 = 5.40, P < 0.05].



Fig. 2. Effect of ziram on cell morphology following treatment with 10 mM ziram. (A and B) Representative dot plots of BHK-WT cells following 2 h treatment with DMSO

(vehicle control) or 10 mM ziram. (C and D) Representative dot plots of BHK-NCX3 cells following 2 h treatment with DMSO (vehicle control) or 10 mM ziram. (E)

Representative histogram of BHK-WT and BHK-NCX3 cells treated with DMSO (black and gray respectively) or 10 mM ziram (blue and red respectively). (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.)
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A significant decrease in cell viability (i.e. calcein-AM positive
cells) was observed in ziram-treated BHK-NCX3 cells (61.7 � 2.9%
of calcein-AM positive cells) compared to vehicle control and to
ziram-treated BHK-WT (76.7 � 3.1% of calcein-AM positive cells;
P < 0.01). Representative density plots of PI fluorescence in BHK-WT
and BHK-NCX3 cells treated with vehicle only or 10 mM ziram are
shown in Fig. 3G–L. The percentage of fluorescent particles included
in the upper left quadrant represents non-viable BHK cells. Two-way
ANOVA revealed a significant treatment X genotype interaction
(F1,8 = 6.18, P < 0.05]. As illustrated in Fig. 3L, a significant increase
was observed in PI positive BHK-NCX3 treated cells (45.3 � 5.0% of PI
positive cells) compared to vehicle control and to ziram-treated BHK-
WT (25.2 � 3.2 A % of PI positive cells; P < 0.05).

3.2. Ziram-produced Ca2+ influx in BHK-NCX3 cells

To determine the effect of ziram on NCX3 activity in its forward
and reverse modes (Blaustein and Lederer, 1999; Hilge, 2012), we
examined ziram-induced alteration of intracellular Ca2+ in Fluo-
3AM loaded BHK cells.

We first examined the effect of ziram when NCX3 operates in its
forward mode. In the presence of extracellular Na+, ziram induced
a rapid and sustained Ca2+ increase in BHK-NCX3 but not in BHK-
WT (Fig. 4A). These data indicate that under these experimental
conditions ziram inhibits NCX3 activity in its Ca2+ exit exchange
mode (forward mode). Ca2+-induced elevation by ziram was not
occluded when cells were incubated with KBR-7943, a relatively
specific inhibitor for the reverse mode of NCX3, but it was rather
potentiated (Fig. 4A). This effect may be caused by the ability of KB-
R7943 to inhibit complex I in the mitochondrial respiratory chain
(Brustovetsky et al., 2011).

Then, we studied the effect of ziram when NCX3 operates in its
‘‘Ca2+ entry mode’’ of exchange (reverse mode). Our results showed
that Ca2+-influx was abolished when BHK-NCX3 cells were
pre-incubated with 10 mM ziram and then exposed to a Na+- free
solution (Fig. 4B). Induced inhibition of NCX3 by ziram-alone or in
combination with the ‘reverse mode’ inhibitor KBR-7943 is similar
to the effect produced by KBR-7943 alone (Fig. 4B). Thus, ziram can
inhibit NCX3 activity in its Ca2+ entry mode of exchange (reverse
mode). No Ca2+ influx was observed in BHK-WT cells that do not
express any sodium–calcium exchanger.

3.3. Increased mitochondrial dysfunction, intracellular Ca2+ level and

ATP depletion in ziram-treated BHK-NCX3 cells

Since mitochondria contribute to Ca2+ homeostasis, we exam-
ined mitochondrial function, [Ca2+]i and ATP content in BHK-WT
and BHK-NCX3 following ziram treatment (Fig. 5A–D).

At 1 and 10 mM, ziram has a greater effect on mitochondrial
dysfunction in BHK-NCX3 cells compared to BHK-WT cells
(F2,117 = 26.16, P < 0.001). As illustrated in Fig. 5A–B, there was
a threefold reduction of the TMRE signal in BHK-NCX3 cells
(395 � 31) following treatment for 24 h with 1 mM ziram compared
to BHK-WT (1111 � 90; P < 0.001). The TMRE signal was totally
abolished in BHK-NCX3 cells treated for 2 h with 10 mM ziram.

Ziram also induced a more profound Ca2+ dysregulation in BHK-
NCX3 cells compared to BHK-WT cells (F2,58 = 12.76, P < 0.001). As
illustrated in Fig. 5A and C, Oregon-green signal was about three
times higher than in BHK-WT following 24 h exposure with 1 mM
(563 � 134 vs. 204 � 34 in BHK-NCX3 and BHK-WT cells respective-
ly; P < 0.001) and following 2 h exposure 10 mM ziram (773 � 114 vs.
256 � 34 in BHK-NCX3 and BHK-WT cells respectively; P < 0.001).

Ziram furthermore generated a greater ATP depletion in BHK-
NCX3 cells compared to BHK-WT cells (F1,8 = 24.12, P < 0.001). As
illustrated in Fig. 5D, following 24 h exposure with 1 mM ziram
treatment, ATP content was significantly reduced in BHK-NCX3
cells (68 � 3% ATP relative to DMSO control) compared to BHK-WT
cells (92 � 5% ATP content relative to DMSO control; P < 0.001). No



Fig. 3. Flow cytometry analysis of BHK-WT and BHK-NCX3 cell viability and cell death following 2 h treatment with 10 mM ziram. (A–D) Representative density plots of BHK-

WT (A and B) and BHK-NCX3 (C and D) cells labeled with calcein-AM. The forward scatter parameter (FCS) on the X-axis is proportional to size. (E) Representative flow

cytometric histograms showing functional incorporation of calcein-AM in BHK-WT and BHK-NCX3 cells treated with DMSO (black and gray histograms respectively) or

10 mM ziram (blue and red histograms respectively). (F) Bar graph illustrating the % of calcein-AM positive cells in the upper right quadrant for BHK-WT cells treated with

DMSO (black bars) or ziram (blue bars) and BHK-NCX3 cells treated with DMSO (gray bars) or ziram (red bars). (G–J) Representative density plots of BHK-WT (G and H) and

BHK-NCX3 (I and J) cells labeled with PI. (K) Representative flow cytometric histograms showing incorporation of PI in nonviable BHK-WT and BHK-NCX3 cells treated with

DMSO (black and gray histograms respectively) or 10 mM ziram (blue and red histograms respectively). (F) Bar graph illustrating the % of PI positive cells in the upper left

quadrant for BHK-WT cells treated with DMSO (black bars) or ziram (blue bars) and BHK-NCX3 cells treated with DMSO (gray bars) or ziram (red bars). Each bar represents the

mean (�S.E.M.) of 2500 cells studied in three independent experimental sessions. *P < 0.05, **P < 0.01compared to treated BHK-WT. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

J. Jin et al. / NeuroToxicology 45 (2014) 56–66 61
difference in ATP content was observed following 2 h exposure with
10 mM ziram treatment (data not shown). The discrepancies between
the ATP and TMRE results after 2 h treatment with 10 mM ziram can
be expected by the cells bioenergetics and their ability to produce the
necessary ATP for their survival following mitochondrial stress (Dott
et al., 2014).
3.4. Protective effect of NCX3 genetic deletion against ziram induced

dopaminergic toxicity in Primary VMC

Because ziram was previously reported to induce selective DA
neuron loss in vitro and is an environmental toxicant linked to PD
(Chou et al., 2008), we next examined the role of NCX3 in ziram



Fig. 4. Ziram-induced increase of intracellular Ca2+ in BHK-NCX3 cells. (A) Effects of ziram on [Ca2+]i when BHK-WT and BHK-NCX3 cells were perfused in normal Krebs (NCX3

forward mode of exchange). Superimposed traces of the effects of ziram on [Ca2+]i when BHK cells were incubated in normal Krebs or in the presence of 10 mM KBR-7943

(KBR) (B) Effect of Na+-free solution on NCX3 reverse activity in BHK-WT and in BHK-NCX3 cells. Superimposed traces of the effect of Na+-free on [Ca2+]i when BHK cells were

perfused in Na+-free solution alone, or pre-incubated with 10 mM ziram, 10 mM KB-R7943 (KBR) or 10 mM KB-R7943 + 10 mM ziram (KBR + ziram) (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article).
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neurotoxicity using PVMC neurons. This cellular model is
complementary to the BHK-cellular approach. Indeed, BHK-WT
cells do not constitutively expressed any NCX isoform, BHK-NCX3
cells are genetic engineered cells to solely expressed NCX3-specific
brain isoform whereas wild-type VMC neurons express NCX1,
NCX2 and NCX3 isoforms (Canitano et al., 2002, Linck et al., 1998,
Minelli et al., 2007, Nicoll et al., 1996, Sokolow et al., 2011). Due to
the lack of selective NCX3 inhibitor, we opted to investigate the
role of ziram induced DA toxicity in VMC neurons isolated from
NCX3 knock-out mice (Molinaro et al., 2008, 2011, Pannaccione
et al., 2012, Sokolow et al., 2004).

First, NCX3 expression in wild-type mice (i.e. C57/Bl6) was
assessed by immunoblotting in brainstem homogenate of C57/Bl6
and NCX3�/� mice (Fig. 6A).

Next, PVMC isolated from C57/Bl6 and NCX3�/�mice were then
treated for 24 h with 0.5–1 mM ziram at 7 DIV (Chou et al., 2008).
Surviving TH immuno-positive (TH+) neurons and NeuN immuno-
positive (NeuN+) neurons were counted following ziram exposure
for 24 h. Cell viability was normalized to the treatment with DMSO
(i.e. vehicle control). Two-way ANOVA revealed a significant
treatment X genotype interaction on TH+ cell viability following
ziram treatment (F2,12 = 6.12, P = 0.015) (Fig. 6B). A neuroprotec-
tive effect against ziram-induced toxicity was detected in TH+

NCX3�/� neurons (43.1 � 3.3% of normalized cell viability) com-
pared to TH+ C57/Bl6 neurons treated with 0.5 mM ziram (37.4 � 2.0%
of normalized cell viability; P < 0.05). The neuroprotective effect was
dose dependent in that it was less pronounced at 0.5 mM than at
1 mM: 34.6 � 1.2% of normalized TH+ NCX3�/� cell viability compared
to 23.0 � 0.7% of normalized TH+ C57/Bl6 cell viability (P < 0.001)
(Fig. 6B and C). The only partial neuroprotection observed in TH+

NCX3�/� neurons may be due to the fact that ziram damages are not
solely due to an effect of ziram on NCX3 but instead they are
associated with different pathways (e.g. E1 and aldehyde dehydro-
genase inhibition, and nonselective cation channel stimulation)
(Chou et al., 2008, Fitzmaurice et al., 2014, Sook Han et al., 2003).

A trend toward decreased NeuN+ cell viability (P > 0.05) was
observed in C57/Bl6 and NCX3�/� neurons following treatment
with 0.5–1 mM ziram. (Fig. 6B and C). The selective loss of TH+

neurons that we observed confirmed the results of Chou et al. who
also determined that the loss of TH+ neurons reflects neuronal
death and not just the loss of expression (Chou et al., 2008).

4. Discussion

Using BHK cells expressing brain specific NCX3 isoform and
neurons isolated from NCX3-null mutant mice, we demonstrate
that NCX3 plays an important role in ziram-induced toxicity. Our
findings reveal that NCX3 expression aggravated ziram induced
toxicity in BHK cells and genetic deletion was neuroprotective
against ziram-induced DA neuron loss. BHK-NCX3 cells treated
with ziram showed significant Ca2+ dysregulation, mitochondrial
dysfunction, ATP depletion and cell death compared to BHK-WT.
We also report that fewer TH+ neurons were lost in NCX3�/�

primary brainstem cultures exposed to ziram compared to neurons
obtained from wild-type mice. Furthermore, more TH+ than TH�

neurons were lost, underscoring the particular vulnerability of TH+

neurons to ziram insults.
In the current study, we made four important discoveries. First,

we established that ziram can inhibit NCX3 activity in its Ca2+ exit
mode (forward mode) and in its Ca2+ entry mode (reverse mode).
Since ziram is a zinc (Zn) salt of dimethylthiocarbamate, it is
possible that Zn2+ ions contribute to ziram-induced inhibitory
effect of NCX3. Indeed, Colvin, 1998 previously reported that Zn2+

is a competitive inhibitor of the sodium–calcium exchanger in
plasma membrane vesicle and cortical neurons (Colvin, 1998).
However, they showed that the constant of inhibition (Ki) of the
sodium–calcium exchanger was �14 mM of Zn2+ in their experi-
mental conditions. Since, ziram was able to cause Ca2+ imbalances
in BHK-NCX3 cells at a concentration of 1 mM, it is unlikely that
Zn2+ ions are primarily responsible for the direct inhibition of
NCX3.

Second, we showed that following ziram treatment, the
inhibition of NCX3 in its forward mode led to an increase of
[Ca2+]i and ultimately cell death. In normal Krebs solution (Ca2+

exit mode of exchange), the concomitant use of ziram and the
NCX3 inhibitor, KBR-7943, did not revert ziram-induced [Ca2+]i

elevation but further increased it in our experimental model
(Fig. 4A). We can speculate that the observed potentiation with
KBBR-7943 was caused by its fair specificity for the NCX3 reverse
mode of action (Ca2+ entry mode of exchange) and its ability to
inhibit the complex I in the mitochondrial respiratory chain
(Brustovetsky et al., 2011). This speculation is supported by our
observation in Na+-free buffer, where NCX3 activity in its reverse
mode of action is totally abolished by the addition of ziram and/or
the inhibitor KB-7943.

Third, we found that impairment of Ca2+ buffering in BHK-NCX3
cells is initiated by ziram treatment. Mitochondrial dysfunction
and limited ATP production were also observed and likely
contributed to the compromised BHK-NCX3 cell survival following
ziram exposure. It is unclear at this point to what extent the
mitochondrial dysfunction and the decreased ATP production are a
consequence of NCX3 inhibition by ziram and to what extent they



Fig. 5. Effect of ziram treatment on mitochondrial membrane potential and intracellular Ca2+ levels in BHK-WT and in BHK-NCX3 cells. (A) Representative confocal images of

BHK-WT and BHK-NCX3 cells double stained with 20 nM TMRE and 5 mM Oregon Green BAPTA-1 after 24 h treatment with 0.1 mM DMSO (top panels of each experimental

group) or 1 mM ziram (middle panels of each experimental group) and after 2 h treatment with 10 mM ziram (bottom panels of each experimental group).

(B) Quantification of mitochondrial dysfunction expressed as TMRE arbitrary units in control conditions (DMSO-24 h), after 24 h with 1 mM ziram or 2 h with 10 mM ziram in

BHK-WT (black bars) and BHK-NCX3 (gray bars) cells. **P < 0.001 vs. untreated BHK-WT. Each bar represents the mean (�S.E.M.) of at least 60 different experimental values

studied in three independent experimental sessions. (C) Quantification of Ca2+ levels measured with Oregon Green BAPTA-1 and expressed as arbitrary units in control conditions,

after 24 h of 1 mM ziram and 2 h of m; or 10 mM ziram in BHK-WT (black bars) and BHK-NCX3 (gray bars) cells. ***P < 0.001 vs. untreated BHK-WT. Each bar represents the mean

(�S.E.M.) of at least 60 different experimental values studied in three independent experimental sessions. (D) Effect of ziram treatment on ATP content in BHK-WT and in BHK-NCX3

cells. The bar graph represents the ATP content measured after 24 h with 1 mM ziram in BHK-WT and BHK-NCX3 cells. *P < 0.05, **P < 0.01 vs. untreated BHK-WT. Each bar

represents the mean (�S.E.M.) of three independent experimental sessions. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article).
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Fig. 6. Ziram-induced neurotoxicity in primary mesencephalic cultures. (A) Immunoblots showing that NCX3 is expressed in wild-type brainstem (C57/Bl6) and absent in

NCX3�/� homogenate. Loading control detected with a-tubulin is shown. (B) TH and NeuN cell viability was normalized to the condition in DMSO (i.e. vehicle control) for each

independent cell culture and expressed as % of vehicle control. TH+/NeuN+ was calculated as the ratio of TH+ to NeuN+ cell viability normalized to vehicle control. (C)

Representative photomicrographs of TH- (red) and NeuN-stained (green) mesencephalic cultures isolated from C57/Bl6 (top panels) and NCX3�/� (bottom panels) mice. Left

panels: control treatment. Right panels: ziram 1 mM. Ziram-induced TH cell damage was quantified by TH+/NeuN+ immunohistochemistry. A minimum of four coverslips

were analyzed for each treatment in three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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indicate additional targets. Because mitochondria play a major role
in sequestration of Ca2+ and since Ca2+ is a positive effector of
mitochondrial function, any perturbation in mitochondrial and/or
cytosolic Ca2+ homeostasis have major consequences to cell
function. It is plausible that ziram induces a positive-feedback
loop between mitochondrial dysfunction and cytoplasmic Ca2+

dysregulation. Further studies are needed to elucidate the exact
sequence of events between mitochondrial and Ca2+ pathways of
ziram cytotoxicity.

Lastly, our study using NCX3�/� primary brain stem cultures
treated with ziram revealed that NCX3 genetic deletion was
protective against ziram-induced DA neuron death. Chou et al.
(2008) previously reported that selective DA neuron loss in ventral
mesencephalic cultures (VMC) occurs through the inhibition of E1
ubiquitin-activating enzyme of the ubiquitin-proteasome system
(UPS) (Chou et al., 2008). Based on the fact that E1 inhibition by
ziram occurs within seconds, it is possible that ziram-induced
inhibition of E1 precedes the inhibition of NCX3. In addition, ziram
is also a potent inhibitor of aldehyde dehydrogenase (ALDH), an
enzyme involved the detoxification of DA metabolite, 3,4-
dihydroxyphenylacetaldehyde (DOPAL) (Fitzmaurice et al., 2014,
Fitzmaurice et al., 2013). Of a note, ambient exposure to neuronal
ALDH-inhibiting pesticides (e.g. ziram, zineb) is associated with 2-
to 6-fold increases in PD risk (Fitzmaurice et al., 2014). Further
examinations are needed to determine whether the cascade of
events involving E1, ALDH and NCX3 is sequential, synergistic or
independent and to explain why neurons lacking NCX3 are not
completely protected from ziram-induced damage.

Mechanisms by which pesticides cause intracellular Ca2+

dysregulation, dopaminergic dysfunction and increased PD occur-
rence are not understood (Hornykiewicz, 1966; Riederer and
Wuketich, 1976; Surmeier, 2007; Surmeier et al., 2010, 2011).
More work is needed to determine the precise sequence of events
linking ziram-induced inhibition of E1 ligase and ALDH, Ca2+
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dyshomeostasis and DA neuron loss in cellular and animal models
of PD. However, our study now provides a new possible pathway
by which DA neurodegeneration may occur following ziram
exposure.

Another question that arises from our work is whether the role
of NCX3 depends on the context. For example, NCX3 is
neuroprotective against ischemia-induced injuries (Jeffs et al.,
2008; Molinaro et al., 2008). The protective role of NCX3 in
ischemic lesions depends on the overload of intracellular [Na+]
which forces NCX3 to work on reverse mode. On the other hand,
NCX3 is toxic in xenobiotic induced injuries (e.g. ziram and MPTP),
particularly in DA neurons. The accumulation and removal of
intracellular Ca2+ is particularly important in DA neurons as they
continuously fire action potentials which is believed to be
important in maintaining DA levels in the striatum, but also leads
to a chronic Ca2+ load larger than in more silent neurons. Inhibition
of NCX3 by ziram and potentially other xenobiotics binding sites
thus leads to Ca2+ dyshomeostasis and DA neurotoxicity.

In conclusion, our findings provide evidence that NCX3
contributes to ziram toxicity and point to NCX3 inhibition as a
new target to slow down ziram-induced DA neurodegeneration
and potentially DA neuron loss in PD pathogenesis.
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