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A B S T R A C T

Lead (Pb) is an environmental neurotoxicant, and has been implicated in several neurological disorders of do-
paminergic dysfunction; however, the molecular mechanism of its toxicity has yet to be fully understood. This
study investigated the effect of Pb exposure on dopaminergic neurodegeneration and function, as well as ex-
pression level of several dopaminergic signaling genes in wild type (N2) and protein kinase C (pkc) mutant
Caenorhabditis elegans. Both N2 and pkc mutant worms were exposed to Pb2+ for 1 h. Thereafter, dopaminergic
(DAergic) neurodegeneration, behavior and gene expression levels were assessed. The results revealed that Pb2+

treatment affects dopaminergic cell morphology and structure in worms expressing green fluorescent protein
(GFP) under a DAergic cell specific promoter. Also, there was a significant impairment in dopaminergic neuronal
function as tested by basal slowing response (BSR) in wild-type, N2 worms, but no effect was observed in pkc
mutant worms. Furthermore, Pb2+ exposure increased dat-1 gene expression level when compared with N2
worms, but no alteration was observed in the pkc mutant strains. LC–MS analysis revealed a significant decrease
in dopamine content in worms treated with Pb2+ when compared with controls. In summary, our results re-
vealed that Pb2+ exposure induced dopaminergic dysfunction in C. elegans by altering dat-1 gene levels, but pkc
mutants showed significant resistance to Pb2+ toxicity. We conclude that PKC activation is directly involved in
the neurotoxicity of Pb.

1. Introduction

In humans, dopaminergic (DAergic) neurotransmission is linked
with several behaviour such as locomotion, motivation and recognition
activity [1–3]. Studies have shown that an imbalance or dysfunction in
dopamine (DA) signaling will result in neurodegenerative diseases such
as Parkinson’s disease (PD) and Alzheimer disease (AD) [2,4]. In hu-
mans, the DAergic signaling system is similar to C. elegans [5]. For
example, DA is synthesized from L-tyrosine by tyrosine hydroxylase
(CAT-2, C. elegans), rate-limiting step in DA synthesis, to L-3,4-dihy-
droxyphenylalanine (L-DOPA) which is then converted to DA by DOPA

decarboxylase. After synthesis, DA is stored in presynaptic storage ve-
sicles by the vesicular monoamine transporter (CAT-1, C. elegans),
where it remains until being released into the presynaptic cleft in re-
sponse to an action potential. Once in the synapse, DA binds to D1-like
(DOP-1) and D-2 like receptors (DOP-2 and DOP-3) that are positioned
at the post synaptic neuron. Unbound DA is taken back up into the
presynaptic cell via re-uptake mechanism by the dopamine transporter
(DAT-1) [5,6].

DAT-1, an integral membrane protein, is located on the presynaptic
neurons and it regulates DA levels during dopaminergic neuro-
transmission by the re-uptake of DA back to the presynaptic neuron
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[2,6]. This action is accompanied by co-transport of Na+ and Cl− down
electrochemical gradients.

Previous studies have highlighted the role of kinases such as protein
kinase C (PKC), calcium-calmodulin dependent kinase II (CAMKII) and
extracellular signal-regulated protein kinase (ERK) in DAT functions
[7,8]. Multiple DAT functions are regulated by PKC, with activation of
the enzyme leading to reduced transport Vmax, elevated efflux Vmax,
and enhanced transporter internalization [7–9]. Each of these actions
resulted in increased extracellular DA levels, implicating PKC as a po-
sitive regulator of DAT function and DA neurotransmission. Recently,
study by Hovde et al. [10] have both shown that DAT possesses several
phosphorylation sites for protein kinases and that treatment with PKC
activators such as phorbol 12-myristate 13-acetate (PMA) alter DAT
expression and activity. Notably, previous studies have shown that
several heavy metals affect PKC phosphorylation system [11–13], but
their effect on DAT function remains poorly understood.

Lead (Pb) is an environmental neurotoxicant and a non-essential
metal in the ecosystem. Pb has been reported to be toxic mostly to
children because of their developing nervous system and pika behavior
[14]. It has been reported that one of the major route of exposure to Pb
is via diet [15,16]. The neurotoxic effect of Pb in children has attracted
lots of attention and had continue to be a global concern especially in
the developing countries; however, the mechanism of action is yet to be
fully clarified. Previous work by Loikkanen et al. [17] showed that Pb
altered Ca2+-mediated cellular processes and mimics Ca2+ in binding
to regulatory proteins. Also, Pb has been reported to affect the release
and reuptake of several neurotransmitters controlled by voltage gated
Ca2+ channels [18,19], and Zhang et al. [20] demonstrated that Pb
causes tau hyperphosphorylation and alpha-synuclein accumulation in
the hippocampus, thus, leading to apoptosis and autophagy. Rogers
et al. [21] demonstrated that amyloid precursor protein (APP) plays a
significant role in Pb toxicity via iron regulatory pathways using human
dopaminergic SH-SY5Y neuroblastoma cells. In addition, studies from
both animal and human studies have shown that exposure to Pb induces
ultrastructural/molecular alterations in the hippocampus and alters
postnatal cholinergic and monoaminergic systems [22–26]. Pb has also
been shown to activate PKC leading to ROS production [27,28].

Based on the fact that PKC plays a role in DAT function and Pb
readily induces oxidative stress via PKC activation resulting in neuro-
toxicity, we therefore hypothesized that Pb exposure would alter DAT
expression via PKC. The present study sought to investigate the effect of
Pb exposure on DAergic signaling and DAT gene expression level in C.
elegans model, taking advantage of PKC null mutants worm strains.

2. Materials and methods

2.1. Reagents

Reagents such as lead (II) acetate trihydrate [Pb(CH3COO)2], cho-
lesterol, albumin and polymerase chain reaction (PCR) primers were
purchased from Sigma (St. Louis, MO, USA). TaqMan primers used for
real-time quantitative reverse transcription PCR (qRT-PCR) analysis
were obtained from Life Technologies (Carlsbad, CA, USA). Agar,
peptone and agarose were purchased from BD (Franklin Lakes, NJ,
USA). Trizol and SuperSignal West Pico chemiluminescent substrate
were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All
other reagents used were of analytical grade.

2.2. C. elegans strains and maintenance

The following worm strains; Bristol N2 (wild-type; WT), BY200 (dat-
1:GFP (vtIs1) V), RB781 (pkc-1(ok563) V), VC127 (pkc-2(ok328) X),
MT15620 (cat-2(n4547) and VP596 (dvls19[pAF15(gst-
4::GFP::NLS)];vsls33[dop-3::RFP]) were used in this study. The strains
were obtained from the Caenorhabditis Genetics Center (CGC),
University of Minnesota, MN, USA.

Caenorhabditis elegans strains were handled and maintained at 20 °C.
Gravid worms were maintained in plates containing agar 8 P (3 g/L
NaCl, 25 g/L agar; 20 g/L peptone; 1mM CaCl2, 5 mg/L cholesterol,
1 mM MgSO4, 25mM KPO4) seeded with NA22 Escherichia coli. During
experiments, worms were maintained on plates containing nematode
growth medium (NGM: 3 g/L NaCl, 17 g/L agar, 2.5 g/L peptone, 1mM
CaCl2, 5 mg/L cholesterol, 1 mM MgSO4, 25mM KPO4 with 1.25mL
nystatin and 50mg/L streptomycin sulfate) and E. coli OP50 strain was
used as food source. Synchronization of nematode cultures was
achieved by bleaching treatment of gravid hermaphrodites using hy-
pochlorite solution (1% NaOCl, 0.25M NaOH). Eggs were isolated from
cell debris by a 30% sucrose gradient, washed with sterile water and
resuspended in M9 buffer (42mM Na2HPO4, 22mM KH2PO4, 8.5 mM
NaCl and 1mM MgSO4) and the obtained eggs were allowed to hatch
overnight in M9 buffer at 20 °C. After 13 h, synchronized L1 worms
were used for the experiment as described below.

2.3. Pb treatment and survival assay

Nematodes were exposed to Pb(CH3COO)2 prepared in K-medium
(0.032M KCl and 0.015 NaCl) as described by Williams and Dusenbery
[29]. Briefly, worms were synchronized by alkaline hypochlorite
treatment of gravid adults and collected egg populations were placed on
unseeded nematode growth media (NGM) plates to grow to the first
larval stage (L1). About 2500 synchronized L1 worms were treated with
Pb for 1 h. After Pb treatment, worms were placed on nematode growth
media (NGM) plates for survival assay,

For the survival assay, synchronized L1 worms [N2 (wild-type; WT),
BY200 (dat-1:GFP (vtIs1) V), RB781 (pkc-1(ok563) V) and VC127 (pkc-
2(ok328) X)] were treated with Pb at different high concentrations
(0–50mM) in siliconized tubes for 1 h due to the fact that worm has
thick cuticle [30]. Tubes containing treated worms were centrifuged at
7000 rpm for 2min and washed 4 times with K-medium. Then, 30–50
worms were then plated onto OP50-seeded NGM plates in triplicates.
After forty-eight (48) hours, the surviving worms were counted and the
results were expressed as a percentage of surviving worms relative to
day 0. Dose-response survival curves in the various strains were con-
structed and the median lethal dose (LD50) was calculated. The assay
was repeated in six independent worm preparations for each tested
strain. Doses close to the LD50 calculated in this study was used for
subsequent analysis.

2.4. Dopaminergic neurodegeneration assay

Dopaminergic neurodegeneration was evaluated using BY200 (dat-
1:GFP) worms express green fluorescent protein (GFP) in DAergic
neurons. Briefly, 2500 synchronized L1 worms were treated with Pb
concentrations and a no-Pb medium control as described earlier. After
washing, worms were placed onto OP50-seeded NGM plates to recover.
At 2 h post treatment, 20 worms per condition were mounted onto 4%
agarose pads (in M9 buffer) and anesthetized with 3mM levamisole.
The presence or absence of DAergic degeneration in the worms was
evaluated with an epifluorescence microscope (Nikon Eclipse 801,
Nikon Corporation, Tokyo, Japan) equipped with a Lambda LS Xenon
lamp (Sutter Instrument Company) and Nikon Plan Fluor 20×dry and
Nikon Plan Apo 60×1.3 oil objectives. Each BY200 worm was scored
for absence (0) or presence (1) of any of the following morphological
changes representing degeneration; dendritic puncta formation,
shrunken soma and loss of dendrites or soma. Confocal images acquired
for illustration were captured through Plan-Apochromat 20× objective
on a LSM510 confocal microscope (Carl Zeiss MicroImaging, Inc)
scanning every 200 nm for XZ sections. Images were taken and pro-
cessed as previously described. Each experiment was repeated in-
dependently four times (n= 4).
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2.5. Behavioral test – basal slowing response (BSR)

This behavioral assay assesses the functionality of the worm’s do-
paminergic system as described by Sawin et al. [31]. Briefly, 2500
synchronized L1 worms were treated with high doses of Pb (0, 2.5 or
5mM) for 1 h because worms have thick cuticle and were later trans-
ferred to OP50-seeded NGM plates. Twenty (20) hours before the test,
assay plates were prepared as follows; seeded assay plates were pre-
pared by adding 20 μL OP50 bacteria onto 60mm plates and spread in a
circle with the bottom of a small glass culture tube to give a ring-shaped
bacterial lawn and incubated overnight at 37 °C. The BSR test was
performed 48 h after Pb treatment and consists of washing the worms
three times with S-basal buffer (100mM NaCl, 5 mg/L cholesterol,
50 mM KPO4, pH 6.0) to remove residual bacteria. Then five worms
were placed on the center of a 60mm NGM plate with or without
bacteria, respectively. After a habituation period of 5min, the number
of bends that each worm performed in the anterior region of their body
was counted over a period of 20 s to determine its mobility rate. This
was done manually by an experimenter who was blnded to the worms
conditions. The results were expressed as the difference (Δ) between the
numbers of body bends in the plate with and without bacteria (food). A
low Δ value means greater mobility on the food, indicating deficits in
dopaminergic function. The cat-2 mutant strain which lacks CAT-2
(homolog for tyrosine hydroxylase, the rate-limiting enzyme in the
synthesis of DA) was used as a positive control in this test. This assay
was repeated independently five times in each strain.

2.6. RNA isolation and real-time polymerase chain reaction (PCR)

RNA was isolated from 50,000 synchronized L1 worms after Pb
exposure. The worms were washed with M9 and lysed with 1mL Trizol
by freezing the worms in liquid nitrogen and thawing repeatedly at
37 °C for three times. Samples were centrifuged (14,000 rpm, 10min,
4 °C) and 200 μL chloroform was added for complete extraction of
proteins and other undesirable substances. After further centrifugation,
the upper aqueous phase was transferred to RNAse free polypropylene
tubes. Nucleic acids were precipitated by adding cold isopropanol, the
tubes were inverted several times and incubated overnight at - 20 °C.
Two microlitres (2 μL) of glycogen was added before isopropanol to
allow RNA pellet. After precipitation, the precipitate was washed by
adding 300 μL 75% ethanol and then resuspended in 25 μL sterile
RNase-free water (Thermo Scientific, San Jose, CA, USA). The RNA
concentration was quantified using NanoDrop 2000 Spectrophotometer
(Thermo Scientific, San Jose, CA, USA). Only samples with 260/280 nm
ratio between 1.8 and 2.0 and concentration above 200 ng/μL were
converted to cDNA. The cDNA synthesis was performed using the High-
Capacity cDNA Reverse Transcription kit (Thermo Scientific, San Jose,
CA, USA) with a standard amount of 1 μg of total RNA for each sample.

Real-time PCR was then performed in a thermocycler CFX96 real-
time system (Bio-Rad, Hercules, CA, USA). Gene expression was de-
termined from the cDNAs to synthesize above which serve as the
templates and a pre-designed TaqMan probes (Life Technologies) used
to detect C. elegans dat-1 (Ce02450891_g1) and cat-2 (Ce02426736_g1)
expression while tba-1 (Ce02412618_gH) was used as a housekeeping
gene. The amplification reaction was performed by initial denaturation
at 50 °C for 2min followed by 95 °C for 10min and 40 thermal cycles of
95 °C for 15 s and 60 °C for 1min. All the real-time PCRs were per-
formed in a final volume of 20 μL. Experiment for both target genes as
well as endogenous control were carried out in triplicate of four in-
dependent worm preparation (n=4). The threshold cycle (Ct) used for
the analysis was the arithmetic average of the triplicates of the target
and endogenous control genes. The relative expression of each gene was
calculated by 2−ΔΔCt method.

2.7. Dopamine content analysis in worms by LC/MS

L1 synchronized WT N2 worms were exposed to Pb or no-Pb
medium for 1 h. Next, they were washed off the plates several times
with M9. 200,000 worms per group were homogenized, using a tissue
dismembrator, in 100–750 u L of 0.1M TCA, which contains 0.01M
sodium acetate, 0.0001M EDTA, and 10.5% methanol (pH 3.8). Ten
microliters of the homogenate are used for quantification of protein
levels. Then samples were centrifuged at 10,000 g for 20min at 4 °C.
The supernatant obtained is removed and used for dopamine analysis.

DA levels were determined by a highly sensitive and specific liquid
chromatography/mass spectrometry (LC/MS) methodology following
derivatization of analytes with benzoyl chloride (BZC). 20 u L of tissue
extract is added to a 1.5mL microcentrifuge tube containing 60 u L of a
solution composed of 80% acetonitrile in water with 0.5% formic acid.
Each tube is vortexed for 20 s and spun in a microcentrifuge at 10,000 g
for 2min at 20 °C. 5 u L of the supernatant is combined in an LC/MS vial
with ten microliters each of 500mM NaCO3 and 2% BZC in acetonitrile.
After two minutes, the reaction is stopped by the addition of 20 u L
internal standard solution (in 20% acetonitrile containing 3% sulfuric
acid) and 40 u L water. The samples are then ready for LC/MS analysis.

LC was performed on a 2.0 x 100mm, 1.7 μm particle Kinetix bi-
phenyl column (Phenomenex, Torrance, CA, USA) using a Waters
Acquity UPLC (Waters Corporation, Milford, MA USA). Mobile phase A
was 0.15% aqueous formic acid and mobile phase B was acetonitrile.
Samples were separated by a gradient of 98–5% of mobile phase A over
six minutes at a flow rate of 450 μL/min prior to delivery to a SCIEX
6500+ QTrapmass spectrometer. Each experiment was performed
within four independent worm preparations (n = 4).

2.8. Relative Pgst‑4:GFP fluorescence intensity in worms

For this experiment, we used the transgenic C. elegans VP596 line,
which expresses one fluorescent construct to monitor glutathione-S-
transferases (GSTs) and another as a standard for worm number nor-
malization (Pgst-4::GFP and Pdop-3::RFP, respectively). Synchronized
L1 VP596 worms were exposed to K-medium, vehicle or Pb for I h,
thereafter, they were washed several times with M9 and S-buffer, and
was later transferred to a 96 microplate (20,000 worms per well) for
GFP fluorescence analysis. GFP fluorescence was quantified according
to Leung et al. [32] (filters: GFP 485/20ex 528/20em). Since gst-4 is
inducible by reactive oxygen species (ROS), its fluorescence intensity
was taken as a marker for oxidative stress in the living worms [33].
Each experiment was performed in triplicate and repeated in-
dependently four times (n= 4).

2.9. Monoamine oxidase assay

Synchronized L1 N2 worms were exposed to K-medium or Pb for I h,
thereafter, they were washed several times with M9 and homogenized
in phosphate buffer. The homogenate was centrifuged at 10,000 g for
10min at 4 °C. The supernatant obtained is removed and used for
monoamine oxidase-A (MAO-A) activity. This analysis was carried out
using monoamine oxidase assay ELISA kit which provides a convenient
fluorimetric means to measure MAO enzyme activity. In the assay, MAO
reacts with p-tyramine, a substrate for both MAO-A and MAO-B, re-
sulting in the formation of H2O2, which is determined by a fluorimetric
method (λem/ex=585/530 nm). Each experiment was performed in
triplicate and repeated independently four times (n=4).

2.10. Protein assay

Protein concentration was determined by BCA Protein Assay Kit
(Thermo Scientific). Ten microliter tissue homogenate was distributed
into 96-well plate and 200 μL of mixed BCA reagent (25mL of Protein
Reagent A was mixed with 500 μL of Protein Reagent B) was added.
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Plates were incubated at room temperature for two hours allowing for
color development. A BSA standard curve was run at the same time.
Absorbance was measured by a microplate reader (POLARstar Omega).

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6 for
Windows (GraphPad Software Inc., La Jolla, CA, USA). All the results
were expressed as the mean ± SEM (standard error of the mean) of at
least four independent experiments. Data were analyzed by one-way
analysis of variance (ANOVA) followed by post hoc Tukey’s test. Results
were considered statistically significant when p < 0.05.

3. Results

3.1. Lethality test

The survival test was performed in L1 worms exposed to Pb
(0–50mM). The result as presented in Fig. 1, revealed that there was no
significant difference in LD50 values among the C. elegans strains (N2,
BY200, RB781, and VC127) tested (Fig. 1).

3.2. Dopaminergic neurodegeneration in C. elegans following Pb acetate
treatment

BY200 (dat-1:GFP) worms (which has green fluorescent protein
(GFP) expressed in

dat-1 promoter) was used to determine Pb-induced dopaminergic
neurodegeneration. As shown in Fig. 2, there was a significant
(P < 0.05) decrease in a number of intact DAergic neurons following
Pb treatment for 1 h. Treatment with Pb at doses close to LD50 (2.5 and
5mM) in this study showed degenerating neurons in worms as observed
by the presence of puncta and loss of dendrites (Fig. 2).

3.3. Basal slowing response (BSR)

Basal slowing response (BSR) is a behavioral assay designed to as-
sess the function of the dopaminergic neuron. We tested this behavior
in N2 and pkc mutant worms exposed to Pb by measuring the change
(Δ) in body bends per 20 s. According to Fig. 3, there was a significant
(p < 0.05) impairment on BSR in wild-type N2 strain exposed to 5mM
Pb acetate when compared to the WT control group. However, the pkc-1
and pkc-2 null mutant strains did not exhibit any significant impairment
on BSR (Fig. 3).

3.4. mRNA expression levels following Pb treatment

The effect of Pb exposure on cat-2 and dat-1 gene expressions level
was assessed using RT-PCR analysis. One-way ANOVA revealed that Pb
exposure caused a significant (p < 0.05) increase in dat-1 gene ex-
pression level at 2.5 and 5mM when compared with control without Pb
treatment for wild-type N2 worms, but no alteration was observed for
the mutant strains (Fig. 4A).

Furthermore, two-way ANOVA revealed that cat-2 gene expression
levels were not altered in any of the doses tested for N2, pkc-1 or pkc-2
strains (Fig. 4B).

3.5. Dopamine content analysis

Dopamine content was analyzed by one-way ANOVA and the result
revealed a significant (p < 0.05) decrease in dopamine levels for N2
worms exposed to Pb for 1 h when compared with a control group
without Pb. Furthermore, the DA level was not detected in cat-2 loss-of-
function mutants (Fig. 5).

3.6. GFP fluorescence intensity

This experiment was conducted as a marker for oxidative stress
since gst-4 is induced by ROS. One-way ANOVA showed that Pb ex-
posure at the highest dose tested (5mM) caused a significant
(p < 0.05) increase on relative Pgst-4::GFP fluorescence intensity in
VP596 worms (Fig. 6).

3.7. Monoamine oxidase activity

One-way ANOVA showed that Pb exposure at the highest dose
tested (5mM) caused a significant (p < 0.05) decrease in monoamine
oxidase (MAO-A) activity when compared with control group.

4. Discussion

Several studies have highlighted the neurotoxic potential of Pb ex-
posure in children and adults [34–36]. However, the molecular me-
chanism of action of Pb-induced neurotoxicity remains unclear. In the
present study, we demonstrated for the first time, the ability of Pb to
interfere with the dopamine transporter (DAT-1) via PKC activation in
C. elegans model.

According to McDonald et al. [37], the dopaminergic (DAergic)
systems of C. elegans are orthologues to humans given that they harbor
the same genes responsible for DA synthesis, storage, release, re-uptake
and signaling. These neurons have been reported to be sensitive to
neurotoxins and pesticides such as 6-OHDA, MPP+ and rotenone or
paraquat [38–40], thereby making them an optimal model for studying
neurodegenerative diseases.

In this study, we observed morphological alterations induced by Pb
exposure in the worm DA neurons (Fig. 2). Treatment of BY200 worms
with Pb caused an increased in the number of shrunken soma and de-
creased the number of worms with intact CEP neurons. This result is
consistent with previous studies where heavy metals alter dopaminergic
neuronal structure in C. elegans [41,42]. Also, several studies in both

Fig. 1. Dose-response lethality curves of C. elegans after exposure to Pb
(CH3COO)2 for 1 h. Synchronized L1 worms were exposed to increasing con-
centrations of Pb2+ acetate (0–50mM) for I h. Thereafter, 30–50 worms were
plated and score for lethality 48 h later. (A) Data represent the percentage of
surviving worms and (B) Median lethal dose (LD50) which was calculated by
non-linear regression.
Sigmoidal dose-response model was used to plot the % survival curves and
determine the respective LD50. Results were analyzed by two-way analysis of
variance (ANOVA) followed by post hoc Tukey’s test.
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rats and human have highlighted the combined toxic effect of Pb with
other heavy metals on dopaminergic neurons [43–46]. This observed
neurodegenerative effects of Pb exposure were concomitant with neu-
robehavioral deficit (Fig. 3). Hence, we could confirm that Pb-induced
neuronal damage in C. elegans model.

DA signaling has been implicated in controlling locomotion beha-
vior in C. elegans. According to Sawin et al. [31], well-fed, wild-type
animals with normal dopamine contents slow their locomotion rate in
the presence of bacteria than in the absence of bacteria whereas this
behavior is lost in cat-2 mutants or animals in which the dopaminergic
neurons have been ablated. This behavioral assay known as basal
slowing response (BSR) evaluates the functionality of the DAergic sig-
naling system in C. elegans [31]. There are three classes of DAergic
neurons namely; CEP, ADE, and PDE that have been implicated in this
response, mediating locomotor activity. As presented in Fig. 3, Pb-ex-
posed N2 worms increased their locomotor rate on food when com-
pared with control (Fig. 3). This finding is in agreement with previous
studies where Pb exposure affect behaviors associated with DA function
in rat model [24–27,47]. This is an indication that the DAergic system is
altered by Pb. However, worms deficient in pkc-1 or pkc-2 did not show
alteration in BSR upon treatment with Pb when compared with control.

This suggest that protein kinase C (PKC) might play an important role in
Pb induced dopaminergic neurotoxicity.

Regulatory enzyme PKC has been discovered to be present in almost
any type of tissue and studies have shown they play a critical role in a
wide variety of cellular processes [48]. Previous studies have shown
that activation or inhibition of PKC affects DA signaling DAT thereby
suggesting that PKC phosphorylation plays an important regulatory
mechanism in DAT function [49–52]. It has been suggested that PKC
regulation of DAT is mediated by direct phosphorylation of DAT protein
based on studies that have revealed the presence of phosphorylation
site for PKC [52–54].

The present study demonstrated that Pb exposure increased dat-1
gene expression level in wild-type N2 worms, but no alteration was
observed for pkc-1 and pkc-2mutant strains (Fig. 4). This result suggests
that Pb exposure affect DAT function and this action might be mediated
via PKC. Several studies have highlighted the role of PKC activation in
Pb toxicity [55–57].

DAT is an integral membrane protein whose primary function is to
terminate DAergic neurotransmission by the re-uptake of released DA
back to the presynaptic neuron [54,58,59]. The increased in dat-1 gene
expression as observed in this study would result in increased DAT

Fig. 2. Dopaminergic neurodegeneration in BY200 worms following Pb acetate treatment. (A) Representative confocal images of cephalic (CEP) dopaminergic
neurons in head of L1 BY200 (dat-1:GFP) worms treated with Pb acetate (0, 2.5 or 5 mM), I – show intact neurons while II and III – show degenerating neurons in
worms.
(B) Data represent the percentage of worms with dopaminergic neurodegeneration. Results were expressed as mean ± S.E.M. (n= 6). Statistical analysis was
performed by Two-way analysis of variance (ANOVA) followed by post hoc Tukey’s test. **p < 0.01,***p < 0.001 compared to control group treated with K-
medium.

A.J. Akinyemi, et al. Toxicology Reports 6 (2019) 833–840

837



function and ultimately excess DA levels in the presynaptic neuron.
Dysfunction of DAT would affect DA signaling and has been linked to
several neurological disorders. It is noteworthy that Parkinson’s disease
(PD) brains showed a 50–70% loss of DAT function [60], consistent
with experimental models of DAergic toxicity, including Mn [61] and
antipsychotics [62]. Measurement of dopamine levels showed that Pb-
exposed worms had reduced DA levels when compared with control
(Fig. 5). These reduced dopamine levels appear to be related to the

inhibition of monoamine oxidase-A (MAO) activity upon Pb treatment
(Fig. 7). MAOs are a family of flavin enzymes located in the outer mi-
tochondrial membrane of astrocytes and neuronal cells and they cata-
lyze the oxidation of monoamines [63]. Several studies have shown that
MAO activity regulates levels of biogenic amines and neuronal activity
in the nervous system [27,63,64]. Our results are in agreement with
reported studies where MAO activity was decreased in the cortex,
striatum, cerebellum, and hippocampus of the offspring following ex-
posure to heavy metals [27,63,64]. This inhibition could be attributed
to the ability of Pb to bind with cysteine residues of MAO thereby re-
sulting in disrupted structure and decreased MAO function [65]. Re-
cently, it was suggested that alterations in MAO activity plays a key role
in initiating of cell apoptosis through ROS generation [27,65].

Furthermore, excessive DA can oxidize dopamine to generate un-
stable quinones, which are highly reactive and cause lipid peroxidation
[30,66]. Dopaminergic cell loss in PD patients and experimental PD
models invokes excessive reactive oxygen species (ROS) production
[67–69]. Skn-1 is the C. elegans homolog of nuclear factor (erythroid-
derived-2)-like 2 (Nrf2), and it is constitutively expressed in dopami-
nergic neurons where it regulates a number of phase II detoxification

Fig. 3. Basal slowing response (BSR) in N2 and null mutant (pkc-1 and pkc-2)
worms following Pb acetate treatment for 1 h (0, 2.5 and 5mM). BSR was
carried out 48 h after Pb2+ exposure. Worms were washed off plates with S-
basal and five worms were pipetted in plate’s presence or absence of OP50 E.
coli. Worms were allowed to acclimatize for about 5min. on the new plate and
thereafter the body bends were counted in 20 s intervals for each worm to
obtain an average. The difference in the average number of body bends in the
presence and absence of food was calculated as the BSR. cat-2 mutants, with
deficiency in tyrosine hydroxylase, were used as positive control. Data were
expressed as mean ± S.E.M. (n= 5). Statistical analysis was performed by
Two-way analysis of variance (ANOVA) followed by post hoc Tukey’s test.
*p < 0.05,**p < 0.01 compared to control group treated with K-medium.

Fig. 4. mRNA expression level of N2 or null mutants pkc-1 and pkc-2 worms
exposed to Pb acetate for 1 h (0, 2.5 and 5mM). (A) dat-1 expression level and
(B) cat-2 expression level relative to the constitutive gene tba-1 and normalized
to the N2 control group. Data were expressed as mean ± S.E.M. (n= 6).
Statistical analysis was performed by Two-way analysis of variance (ANOVA)
followed by post hoc Tukey’s test. *p < 0.05,**p < 0.01 compared to control
group treated with K-medium.

Fig. 5. Dopamine (DA) levels in N2 worms following Pb acetate treatment for
1 h (0, 2.5 and 5mM). After 1 h treatment, DA levels were quantified by LC/MS
analysis in extracts from L1 worms. Data were expressed as mean ± S.E.M.
(n= 5). Statistical analysis was performed by one-way analysis of variance
(ANOVA) followed by post hoc Tukey’s test. *p < 0.05 compared to control
group treated with K-medium.
ND – Not detected

Fig. 6. Quantification of GFP fluorescence in VP596 worms expressing GFP
under the gst-4 promoter following Pb acetate treatment for 1 h (0, 2.5 and
5mM). Transgenic worms expressing GFP under the gst-4 promoter were
treated with Pb2+ for 1 h (0, 2.5 and 5mM) and GFP fluorescence was mea-
sured as an indicator of oxidative stress and SKN-1 activity. Data were ex-
pressed as mean ± S.E.M. (n=5). Statistical analysis was performed by Two-
way analysis of variance (ANOVA) followed by post hoc Tukey’s test.
**p < 0.01 compared to control group treated with K-medium.
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enzymes including GSTs [30,70]. As shown in Fig. 6, Pb exposure at
5mM increased the relative Pgst-4::GFP fluorescence intensity in
transgenic VP596 worms. This is an indication that Pb induced acti-
vation of GST enzymes which reflects a neuroprotective defense me-
chanism against ROS generated from Pb exposure. Nrf2 is a nuclear
transcription factor that controls the expression and coordinated in-
duction of defensive genes encoding detoxifying enzymes and anti-
oxidant proteins such as SOD and GST. This is a mechanism of critical
importance for cellular protection and cell survival. Activated Nrf2
splits from its inhibitor protein Keap1, causing its translocation to the
cell nucleus. The released Nrf2 binds to antioxidant response element
(ARE), triggering the transcription and expression of multiple genes,
including the endogenous antioxidant genes, phase II detoxification
enzymes, and other cellular defensive genes [30,71–73]. In the present
study, Pb increased the activity of GST, which is a downstream target of
Nrf2. Thus, Pb plays a critical role in the activation of Nrf2 due to in-
creasing ROS production. This result agrees with previous studies
where lead-induced oxidative stress by activating the Nrf2 pathway
[74–76].

In conclusion, we demonstrated that Pb caused damages to DAergic
neuron morphology, which are probably related to alterations on DAT
that might lead to decreased extracellular DA levels and consequent
neurotoxicity. These results provide new insights to PD pathophy-
siology and should facilitate the search for new therapeutic modalities;
however, additional studies must be carried out to further evaluate
whether the specific effects of Pb on DAT function are secondary to
direct or indirect phosphorylation by PKC.
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